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The strength and microstructure of a glass-ceramic material of 
the composition 53 percent Si02 , 19 percent Al 2o3, 15 percent MgO, 
ii 
and 13 percent Li20 were studied. Cylindrical specimens of glass were 
formed and heat-treated to six different temperature levels for various 
time periods. lhe method of strength testing used was a diametral 
compression loading tE:chnique .. 
It was found that the strength of this material increased ini-
tially with heat-treatment but then decreaiE:d. ThE: strE:ngth charactE:r· 
istics of the completely crystallized glas;;·ceramic material wE-re found 
to be dependent on the initial nucleation period, Some factors whi~h 
influenced anomalous crystal growth are de.scrrbed. The relationship 
of stress and nucleation in this study is discu~sed. Mechanism;; of 
nucleation and crystallization were obstrved by transmitted a~d refl~cted 
light microscopy lhe phases at various tlmt ptrtods w~rt dctE:rmintd by 
X-ray diffraction, and the changts in softtning charactE:ristics were 
recorded by means of thermal dtlatometer tests 
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I. INTRODUCTION 
When dealing with concepts of the strength of solids, it is 
apparent that the theoretical limiting strength must be closely iden-
tified with the forces necessary to break atomic bonds. Although this 
bond strength has been calculated to be of the order of 106 psi, and 
experiments on very carefully prepared specimens of glass confirm these 
calculations, common experience has shown that most samples of solid 
materials rupture at elastic strains much smaller than the theoretical 
limit. In many cases the reduced strength of these samples is known 
to be caused by imperfections within the sample. 
Crystals and crystalline materials contain imperfections in the 
form of dislocations (line defects which form a boundary between slipped 
and unslipped regions of a crystal, therefore allowing inelastic deform-
ation to occur locally an atomic row at a time while moving through the 
crystal) internal cavities, grain boundaries, included foreign particles, 
and surface notches. The important imperfections in glasses and other 
amorphous solids are cracks or other flaws that grow under the influence 
of stress and chemical attack, the most important ones from a strength 
standpoint being those existing in the surface. 
A variety of methods have been employed to test the strength of 
glass including twisting, bending, crushing, and impact. Regardless 
of the method used, it is well-known that the actual fracture of solids 
is due to the tensile component of the applied force. Failure in uni-
form compression is unimaginable. 
A bending method is one of the most common used for strength 
testing of glass rods. In this method the maximum stress occurs on 
the outside surface of the bending rod. Since the flaws existing in 
2 
the surface of a glass sample are of paramount importance to its 
strength, and bending tests tend to accent the effect of these flaws, 
this method doesn't seem ideal if effects on strength other than sur-
face flaws are to be studied. This being the purpose of the present 
study, a technique which allows for a minimum or no tension at the 
surface of the specimen to be tested seems desirable. A diametral 
loading technique was chosen which has been demonstrated to be success-
ful in the strength studies of concrete and porcelain cylinders, and 
seemed to meet the desired requirement of no tension at the surface. 
In choosing a glass composition for this study, the following 
requirements were considered: 
1. The need of a glass with a practical melting range and melt 
viscosity. 
2. A glass whose internal structure is changeable, which change 
must be reasonably controllable and relatively independent of 
the surface. This change must also be easily observable by 
available means. 
3. A glass which can be formed into cylinders without the occur-
ence of devitrification during the forming process. 
The recent work done on controlled nucleation and crystallization 
of glass-ceramics, i.e., certain glasses containing nucleating agents 
which could first be formed and cooled as glasses and later crystal-
lized into fine-grained glass-ceramics such as the well-known new pro-
duct of the Corning Glass Co., Pyroceram, seems to furnish a plentiful 
number of compositions from which to choose. 
The system that was chosen, Li20-MgO-Al203-Si02, provides a glass 
which reportedly could be easily formed and uniformly devitrified by 
3 
an internal nucleation process. The particular composition, 53 per-
cent Si02 , 19 percent Al 2o3 , 15 percent MgO, and 13 percent Li20, is 
of fundamental interest because a glass-in-glass separation can be 
observed with an ordinary light microscope. The immiscible glass drop-
lets which form in the glass matrix on careful heat-treating form the 
nuclei for later internal crystallization. Although other glass compo-
sitions have been studied which also exhibited this glass-in-glass 
separation phenomenon, most of them cannot be observed except by elec-
tron microscope shadowing techniques. 
The purpose of this investigation was, therefore, to compare the 
degree of heat-treatment of prepared glass cylinders of the desired 
composition with the strength, the melting range, the phase composi-
tion, and the microstructure of the resulting glass-ceramic. 
4 
li. REVIElv OF LITERATURE 
When seeking to understand the factors which control the strength 
of solids, the binding between atoms and the spatial arrangements of these 
atoms must be considered. 
Most silicates are made up of building blocks of tetrahedra of oxy-
gen atoms centered with a silicon atom. Each of these oxygen atoms shares 
a partially covalent and relatively strong bond with the enclosed silicon 
atom. By sharing oxygen atoms, each of the tetrahedra has a strong tend-
ency to join with others setting up an excellent mechanism for building 
chains of oxygen tetrahedra. The characteristic Si-0-Si angle between 
tetrahedra differs from 180° in most crystalline silicate minerals and 
allows ordered and relatively close packing of the individual units. Most 
of these minerals, however, still show characteristic chains which are 
oriented in specific crystallographic directions. 
In the cooling of a molten silica mass, if insufficient time is al-
lowed or if the chai.ns are insufficiently segmented by other charged ions, 
which compete for association with oxygen atoms, then arranging the silica 
chains in a definite pattern may be very difficult as the viscosity rapidly 
increases. When the melt becomes solid, the same degree of long-range dis-
order and very short-range order may still exist characterizing a glass. 
The relatively low densities of glasses are indicative ~f the insuffi-
cient packing of tetrnhPdra, and the Si-0-Si angles formed at the junctions 
of the tetrahedra are verv close to 180°, as shown bv Warren, Krutter, and 
M . 1 orn1.ngstar. 
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The network structure proposed by Zachariasen, 2 a two-dimensional 
representation of which is shown in Figure l(b), illustrates the high 
degree of long-·ranged disorder which may be introduced into a substance 
that readily forms chains such as has been described. It can be compared 
to the long-range crystalline structure of (a) of Figure 1. In this 
illustration the silicon atoms are shown bonded to 3 oxygens. The fourth, 
being directly above or below the silicon atoms, therefore completing the 
tetrahedra., is not shown. The network may be modified by alkali and 
alkaline earth cations which effectively break the Si-0 bonds, as shown 
. p· 2 3 1 . . f h b . f d ~n 1.gure , resu t~ng 1.n some o t e oxygen a toms e1.ng re erre to as 
"non-bridging". These "non-bridging" cation-oxygen assemblies are called 
terminal structures. 
It has logically been suggested that the ratio of network structure 
to terminal structure in a glass might control many of its physical prop-
erties, including its strength. (Many properties such as density, refrac-
tive index, dispersion, expansion, and heat capacity can be calculated on 
an additivity basis with some degree of accuracy. 3) Therefore, since it 
is apparent that the network structure supplies the major resistance to 
applied stress and since the Si-0 bond is partly covalent, the cohesive 
energy of this bond would be expected to far outweigh that of the ionic 
bond of a terminal structure. If the theoretical mechanical strength of 
fused silica glass is estimated on the basis of stretching an Si-0-Si 
bond linkage to failure, then following the concept of additivity, it is 
interesting to consider how this theoretical strength might be altered as 
terminal structure is added to network structure by the addition of 
alkali.es. 
2. Theoretical estimates of bond strength 
Approaches utilized by many investigators4,S, 6 for estimating the 
theoretical strength of solids have begun with the familiar two-atom 
(a) (b) 
Figure 1. A two-dimensional representation of the 
structure of (a) a crystal, and (b) a glass as 
proposed by Zachariasen. 2 (After MoreYJ) 
•SI. 00 ®Na 
Figure 2. A two-dimensional representation 
of the structure of soda-silica glass, 
according to Warren. 1 (After Morey3) 0\ 
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forcc;·-Eeparation diagram ;bown in Figure 3. A sine~ fur.ctior: can be used 
to approxLmate the initial part of the curve, 
o = ath sin 2;: (1) 
where ath --- the maximum stress required to pull the silicon and oxygen 
a toms apa.r t, 
A a separation parameter in the x direction, and 
a _ the equilibrium separation (Figure 3). 
Applying Hooke's law and realizing that for small deformations (as x 








a/x ( 2) 
(3) 
Using equation (1) an energy balance of the separation process may 
be written realizing that the work of fracture appears as the surface 
energy 2a of the two newly created surfaces. Thus, 
Solving for O'th 
(J th --












It is interesting that a number of investigators have shown fine 
1 f . b h . f 106 . 7 ' 8 . h d g ass 1 ers to possess strengt .s ln excess o psl Wlt An eregg 
reporting the highest value of these. He obtained a strength of 3.5 x 




Figure 3. Interatomic force as a function 
of interatomic spacing. 
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Common experience regarding glass strength presents a markedly 
different picture than the foregoing theory and exceptional results just 
described. ln fact, the observation that the normal strength levels of 
all silicate glasses are approximately equivalent and of very low levels 
has been the stimulus for numerous investigations of glass strength. 
4, .QE.i ffith and !.g.,<?; liS theories 
A major step in relating practical failure stress to theoretical 
strength in engineering materials was made by Inglis. 9 He concluded that 
irregularities or flaws within the bulk or on the surface of specimens 
acted to concentrate applied stresses to values exceeding the theoretical 
strength of the material, thus permitting crack propagation. 
7 
Griffith' extended this theory and proposed his well-known relation-
ship that established the conditions that would lead to the instability 
of a crack or flaw in an elastic medium. Using Inglis' calculation of 
the stress distribution around a very flat confocal-orthogonal conic 
section (elliptical hole) to represent the stress concentration at a 
crack tip, he obtained the following equation for the highest stress 
existing at the crack tip= 
am-- 2 crav!f ( 8) 
where 2c the major axis of the crack, 
a - the tensilE: stn;:ss normal to the crack, and 
av 
p the radius of curvature at the crack tip. 
The virtual equivalencE-' of the Tngl is .snd Griffith concepts was shown 
by Orowan5 when applied to flaws of atomic dimensions. 
This stress concentration concept provides a logical reason for the 
discrepancy between observed and theoretical strengths of materials and 
10 
also provides a sound basis for describing the variability of rupture 
strengths of seemingly identical specimens. Since glasses generally fail 
by the propagation of cracks from the surface of the specimen, a knowledge 
of how many and how big the initial flaws have to be in order to result 
in the levels and variabilities of rupture strengths observed is important. 
The answer to these questions can only be given in statistical terms based 
on the assumption that there is an a priori probability of finding a flaw 
of given severity in each element of the specimen surface. If the prob-
ability of finding each kind of flaw in each part of the surface is known, 
the probable strength of the object can be deduced. 
5. Statistical theories of fracture 
Statistical theories are based on the weakest link concept of the 
strength of solids. According to this theory, rupture occurs when a stress 
sufficient to cause propagation of the largest flaw or crack (the weakest 
link) is reached. Because this concept is cotnmon to all statistical theories, 
they have a common mathematical basis, which has been summarized by 
E . lO' ll d . A d. A psteLn an appears Ln ppen LX . 
6. The glas~ microphase theory of glass structure 
a. Basic theory. According to Watanabe and Moriya 12 recent electron 
microscope studies have done a great deal to elucidate the internal struc-
ture of glasses. A summary of the conclusions reached follows: 
(1) Glass, although seemingly transparent and homogeneous, is, in 
fact, heterogeneous in the sense of microstructure. A glassy matrix and 
glassy microstructures which these authors call "glassy-microphases" make 
up the heterogeneity. 
(2) Certain average chemical compositions make up these glass micro-
phases, i.e., in borosilicate glasses, sodium borate and silica-rich phases. 
11 
(3) These glassy microphases are not crystalline but amorphous. 
(4) These glassy microphases grow with increasing heat-treating 
time at a constant temperature at a given point within the transformation 
range. 
(5) With different heat-treating temperatures for a constant heat-
treating time, they vary in size. Their size is larger in a heat-treated 
specimen than it is in a quenched specimen. 
A schematic representation of these conclusions is shown in Figure 4. 
It can be seen how the size and shape of the glassy microphases of two 
different chemical compositions changes with heat-treating time for con-
stant heat-treating temperature. Similarly, if the temperature varies 
and the heat-treating time is constant, a like pattern results. 
This theory seems to be supported in the studies of a number of 
specific glass compositions related to "glass-ceramics"13 and will be 
discussed in detail in part C of this review. It is well to note here 
that some of these studies make no reference to the work or theories of 
Moriya or Watanabe, and, therefore, seem to have been done independently. 
They refer to what has, in this section, been called "glassy-microphases" 
as "glass-in-glass separation". 
In order to substantiate that the leachable spots observed in this 
study, as well as the silica-rich structure which remains, were not crys-
talline, X-ray diffraction patterns were run and found to exhibit no 
definite pattern. In addition, it was pointed out that the crystalline 
product of devitrification of the W-glass and V-glass used in this study 
would be a-cristobalite at the temperatures used, and that this crystal-
line phase gives an entirely different electron micrograph than those ob-
14 tained by Watanabe, et. al. 
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14 Watanabe gave Moriya's original theory quantitative expression as 
shown in Figure 5. This figure shows how the size of the Sio2 glassy 
microphases changes with hea t-·trea ting time for two different temperatures. 
The term '~i.dth'' (Figure 5) stands for the diameter of the spherical glassy 
microphases when they are isolated from each other (A and B of Figure 4), 
but for the shorter width of the structures when they grow into non-
spherical forms (C of Figure 4), the latter shorter width has the same 
"width" as an isolated spherical microphase produced under the same heat-
treating conditions and, therefore, consistency in definition exists. 
These authors theorize that although the microphase patterns may not be 
at all identical to those illustrated in Figure 4, and may differ in size, 
shape, and chemical composition, glassy microphases exist in every kind 
of glass. 
Even though the specimens used in Watanabe's work were prepared with 
16 
extreme care so as to avoid any possible damage before their strength 
was measured, the values of the strength of the unabraded specimens tested 
in liquid nitrogen were still much lower (150,000 - 180,000 psi) than the 
theoretical values discussed in A-2 of this section. Deviations from 
theoretical strength have been attributed to latent Griffith flaws, but 
the origin of such flaws in virgin specimens which have neither been 
abraded nor touched is not completely understood. Watanabe and Moriya12 
assume that the latent Griffith flaw is itself the boundary 1 ine of the 
glassy microphases in the glass specimen. This assumption is illustrated 
in Figure 6 (refer to equation (7) of part A-2 of this section). It can 
be seen that the size of the glassy microphase in a quenched specimen is 
small, whereas that in a heat-treated specimen is large. The assumption 
that there is a weaker boundary layer between a glassy microphase and the 
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Figure 6. A schematic representa tion of the effect 
of "glassy microphase" growth on s trength . 12 
a = theoretical s t ress 
E = Young ' s modul us 
k = constant 
a = s urface energy 
c = "gla ssy mi cr ophase " diame t er 
(Compare with equa tion 7) 
14 
15 
have latent flaws corresponding in size to C1 in Figure 6-A, or to C2 in 
Figure 6-B. The strength cr of a quenched specimen is greater, therefore, 
than the strength a2 of a heat-,treated specimen as can be seen from 
equation (7) since C1 <C2 . Using the experimental data of Spinner and 
1 7 
others, · as well as their own experimental results, Watanabe and Moriya 
calculated, from equation (7), the depth of the latent flaws in their un-
0 
abraded specimens, heat-treated to 500° C for 1 hour, to be 400 A. The 
width of the glassy microphase of a specimen heat-treated to 565° C for 
1 hour was found by the electron microscope to be 500 A, which correlates 
well with the calculated value considering the difference in heat-treating 
temperatures. 
The same thinking can be applied to abraded specimens as shown in 
C and D of Figure 6. The abrasion depth Co is constant in both specimens. 
Here, a = Co + C1 and Co + C2 in the quenched and heat-treated specimens, 
respectively. The strength of the quenched glass would still be greater 
than the unquenched, but the relative difference would be less than in 
the unabraded samples. 
b. Gla~~ microEhas~ ~he2[~ ~xplai~~ fatigue. These authors also 
supported the glassy microphase theory with experimental evidence and 
explanations from the theory concerning fatigue phenomena, which is only 
mentioned here to indicate further support of their theory. 
In applying this method to brittle materials, some means must be 
used to securely bold the :;peC'imen on each end before much tensile stress 
can be applied. Almost every attempt to use this method has shown the 
results of local stress concentrations caused by gripping the specimen. 
Statistically, the points of fracture on a number of bars of uniform size 
16 
throughout their length should be distributed evenly along the bar lengths 
between the grips. In practice, the majority of the fractures occur near 
the grips. Because of this, the direct tension method hasn't been the 
most successful strength testing method and wasn't used in this study. 
A three or four point loading technique of bending cylindrical bars 
to failure is probably the most common method of strength testing glass 
and ceramic materials. In the three-point loading technique the maximum 
stress occurs on the surface of the specimen just opposite the point of 
the applied load. Since the largest flaw (weakest link) is not always 
right at this point, the fracture locations are merely grouped around 
this point, most of them being at least some distance removed. The outer 
stresses fall off linearly with the distance from the central load point 
to the end of the test bar and, therefore, each test value should be 
corrected according to the distance the break occurs from point of maxi-
mum stress. Another important disadvantage of the use of this method for 
this study is the emphasis it gives to the surface flaws, whereas in this 
study the effect of the internal flaws and structure are those to be 
studied. 
This method is a relatively new one although the stress patterns of 
diametrally loaded discs have been studied classically by photoelastic 
18 ( F' ') means see 1gure ,, . It has just recently been used as a strength 
testing method for use on concrete, 19 porcelain whiteware bodies, 20 and 
21 glass. The method involvcq diamet.rally loading a relatively short 
cylinder with the compressive load applied along two opposite generators. 
The test is carried out in a compression testing machine with strips of 
a cushioning material normally being placed between the specimen and the 
Figure 7. Circular disc under diametral thrust. 
Material of model - C.R. 39 
Fringe value of material - 100 lb./sq. in. per 
fringe per inch thickness. (Stress difference) 
Dimensions of model- 1.5 in. diam., 3/8-in. thick 
800 Fringe value of model - -r- lb./sq. in. per fringe 
Load - 260 lb. applied through flat plates. 
Photograph taken by mercury green light with Nicols 




platens cf the ma.chine. A uniform tensile stress is set up over the 
diametral plane containing the applied load at which plane fracture 
occurs. Mc.~terials which behave very nearly elastically to the point 
of fracture (brittle materials) are the only ones suited to this method. 
The diametral loa.ding technique was chosen for this study since many 
disadvantages of other methods did not apply to this one, and in this 
method the maximum tension occurs internally rather than externally. 
Particular interest is stimulated in this technique since the appli-
cation of this method to ceramics was pioneered here in the Missouri 
School of Mines Ceramic Department. 20 
F. Carneiro 22 introduced the diametral loading method as a strength 
testing technique in Brazil in 1947. In 1955 Wright19 used the technique 
in testing concrete cylinders. He published his results with a review of 
the theory and a comparison with other strength tests. He studied the 
effects of the type and dimensions of the cushioning material (called 
the loading strip) and effects of specimen dimensions. His summary of 
the theory is given in Appendix B. The resulting equation for the hori-
zontal tensile stress is seen to be, 
(9) 
where P - the applied load, 
D -- the •specimen diameter, and 
L - the specimen length. 
The practical strength test as is used deviates somewhat from the 
ideal case considered bv the th~ory. These deviations, as given by 
Wright, follmv: 
(a) All real materLals deviate somewhat from the idealized homogen-
eous material assumed in the theo:ry; however, even on concrete Wright 
19 
suggests that the stress distribution is changed but little. This can 
also be assumed for the more nearly homogeneous glass and ceramic body. 
(b) Real materials also deviate from Hooke's law which was assumed 
to hold in the theory, but, as in the above, for this study proportion-
ality of stress and strain can be assumed to a very good approximation. 
(c) The theory assumes a state of plane stress which is approxi-
mated in loading a thin disc, but when loading a long cylinder, a state 
of plane strain is more nearly the case. The theory has not yet been 
developed for plane strain conditions. 
(d) The load, rather than being distributed over a line loading 
along a generator of a cylinder (corresponding to a point load on a thin 
disc) is distributed over a band, the width of which is equal to the width 
of the loading strip i.n contact with the cylinder. If the load is assumed 
to be uniformly distributed over this width, it can be shown that if this 
d 
width is less than 10 , the stresses on the vertical diameter approximate 
the following values with sufficient accuracy: 
Vertically 2P [z~ (a + sina) d - ~ cr _, + d-r r 7rDL (10) 
_]P [ 1 - d (a - sincx~ C1 ,-.:~ e trDL 2a. Horizontally (11) 
(See Figure 8.) 
The effect of this load distribution is shown in Figure 9. It can 
be seen that the tensile stress is nearly constant over three-quarters 
of the vertical plane, but reverses to a high compressive stress at each 
end. Although the ma.ximum compressive stress is about 18 times the maxi-
mum tensile stress, failure always occurs in tension. 
21,23 d' d h Kenny stu le t e elastic energy stored in glass cylinders by 
crushing them along a diametra.l plane by slow compression in a hydraulic 
press. Although he was apparently unfamiliar with the diametral loading 

21 
technique for strength testing as previously described, his results have 
proven valuable and will be correlated with this study. 
He used Pyrex brand glass fabricated into small cylinders by the 
J. R. Kilburn Glass Coo of Chartly, Mass. The cylinders were of two 
sizes - 0.5-inch high by 0.5-inch in diameter, and 0.355-inch high by 
0.365-inch in diameter. The flat surfaces were finely ground and the 
round surfaces were fire polished. Annealing was accomplished to the 
point of showing no strains under polarized light. The jaws of Kenny's 
loading press were described as being made of "tool steel hardened to 
21 
maximum hardness and finally ground smooth" His loading procedure 
was slow, usually taking 2 to 5 minutes from start of loading until frac-
ture occurred. 
Products of crushing ranged from large fragments to powder. 23 Kenny 
observed that the first step in the slow compression crushing process was 
the splitting of the specimen parallel to the applied load direction and 
that "these large fragments were always from portions of the specimen 
outside the region having the highest strain energy content prior to frac-
21 
ture, that is, outside the regions of jaw contact". It is interesting 
20 to comparE: this observation with those of Moore in Figure 10. 
Moore explains that "the secondary fracture shown 
results from the compression of the two halves of the specimen 
as the initial strain is released upon primary fracture. In 
diametral loading tests of very weak, brittle materials, the 
low strains at fracture do not result in a secondary break of 
this type. For example, in the testing of highly porous, un-
firPd porcelains, no secondary fracture occurred. At the other 
extreme, for very strong porcelains, fracture under diametral 
load results in explosive breaks with loss of the specimen."21 
Kenny observed, "Pn~l iminary crushing experiments showed 
that a f:;:.Llure of a compressed glass specimen occurred suddenly 
with a loud report. The initiation of failure in most cases 
corresponded to an immediate and almost completely disintegration 
of the specimen to a fine powder. It was believed that the use 
of the rather uniformly distributed strain energy occurring from 
AREA IN GRADING 
COMPRESSIVE STRESS 
AREA IN UNIFORM 
TENSILE STRESS 
EXPANDED VIEW OF FRACTURED 
CYLINDER OF PORCELAIN 
/ 
· sECONDARY 
FRACnJRE SURFACE --+---1 
1-+--1- - PRIMARY FRACTURE 
SURFACE 
VIEW OF FACE 
Figure 10. Characteristic fractures occurring in 20 
cylinders diametrally loaded to failure, after Moore . 
22 
23 
the first cracks would cause tension and compression waves, 
which by reflection from surfaces and by interactions would 
initiate new fractures at other positions in the specimen. 
These new fractures would, in turn, release new waves and so 
lead to a multiplication process of rapidly successive frac-
tures similar to a chain reaction."23 
Tt should be noted that the following differences existed between 
Moore's and Kenny's work in this reapect: 
(a) Since Kenny':; wc-rk dealt ';,7itb ;;urfa.ce energy of the powder and 
fragments resu.lting in crushing, he employed a retainer around the speci-
men to be crushed and, therefore, kept all of the products regardless of 
the explosive nature of the fracture, whereas Moore did not, resulting in 
"loss of the specimen". 
(b) Moore used loading strips which tended to keep the fragments in-
tact more, by distributing the compressive load, whi.le Kenny did not. 
Kenny's samples, therefore, broke up more in the region of contact with 
the hard platens. 
(c) Generally, the tensile stresses (psi) attained by Kenny were 
higher than those of Moore's by virtue of the difference in modulus of 
rupture between Pyrex glass and porcelain. This accounts for the large 
fragments obtained by Moore as he explained in the foregoing quotation. 
24 Since the coining of the term "gla.:->s-ceramics" by Stookey which 
refers to Ilk1terials which have been melted and fabricated as glasses and 
then converted into an essentially crystalline body by special heat-
treatment, thi.1; term has hccom~ widely accepted in the literature. 13 •24 • 25 
Glass···ceramics must contain nuclen t. i ng <lf':~~n ts, u.n iforrnly d i.s tribu ted 
throughout the body, which can be converted into tiny crystallites by 
heat, X-radiation, or ul.tra-vlolet radiation. At temperatures in the 
nucleating range billions of nuclei per cubic centimeter will form and 
24 
grow to tiny crystals, even though no perceptible crystallization seems 
to have taken place. When the temperature is then raised to a higher 
value the glassy body crystallizes around the nucleating crystals. In 
some instances, the nucleating process is accomplished by exposing the 
glass body to X-rays or ultra-violet rays, followed by heat-treatment. 
The first attempt to alter a true glass to an almost completely crys-
talline object appears to have been made by M. Reaumur, a French chemist 
26 
about 1735, By pAcking glass bottles in a mixture of sand and gypsum, 
and heating them in a potter's kiln at "red heat" for several days, he 
obtained a "porcelain" article which was completely crystallized and 
would stand high temperatures without deforming. He described the crys-
tals as being needles which extended inwardly from the surface and met 
in the center of the glass wall. 
A number of researchers in various countries have been reported to 
have melted and cast mixtures of silicates and fluorides, or natural 
minerals like basalt, that crystallize during cooling. 27 Historically, 
these materials have found only very limited usage due to the difficulties 
involved in forming them into usable objects and of controlling the nu-
cleation and crystallization processes. The recent discovery of glass-
ceramics, as defined, that can be crystallized into fine-grained, useful 
ceramics with desirable properties has stimulated a great deal of research 
' '1 . l '1'1 ,. . t- d 1 d 1 . . 24 interest 1n nuc eat1on anc crysta ~zat1on un amenta s an app LcatLons. 
In theory, at least, ceramics can now be produced with an almost ideal 
polycrysta11ine "tructure, t'nclKhfc:h a.re fi.ne grained, uniform in size, 
and randomly oriented, free from pores and many imperfections. Also, new 
combinations of crystal composition and microstructure with new and useful 
properties are possible. 
25 
3. Manufacturing, .P-rocess affects :e_roperties 
From a given batch formula of vari.ous oxides it is possible, in 
many cases, to make a glass, a glass-ceramic, or a sintered ceramic, all 
with the same chemical composition. 
A glass is easily formed by mixing and melting the batch. The details 
of these procedures do not greatly affect the glass structure and properties. 
Its properties depend mainly upon its thermal history, its composition, and 
the condition of its surface (which is especially important where strength 
i.s concerned) . 
The crystalline phases present in a sintered ceramic partly determine 
its microstructure and properties as also do a whole collection of factors 
such as the shape and size of the grains in the s tarti.ng materials and 
their chemi.cal and crystalline forms, the degree wi.th which the separate 
grains react and bond with each other without melting, and the voids and 
pores which remain and/or might be produced. The sintering process rarely 
produces articles that make full use of the crystalline state. Not infre-
quently, voids and imperfections determine the properties such as strength, 
optical properties, thermal properties, and electrical properties to as 
large a degree as the crystalline phases present or larger. 
The nucleation and crystallization of glass process is a third way 
of using the same batch composition, and appears to be the most practical 
way to mass-produce products approaching the ideal polycrystalline struc-
ture. Although it cannot be applied to all ceramic compositions and has 
new problems of its own, the horizons it reveals to the ceramic industry 
look very promising. 
4. Advanta.gef!_ of glass-ceramics 
Many advantages of this new process can be listed, including: 
(a) There are practically no limitations on the size and shape of 
26 
products other than those imposed by normal glassmaking techniques. 
Already glass-ceramic cookware, laboratory ware, rod and tubing, cylin-
ders, radomes, ball beari.ngs, and glass-·ceramic cement used for glass-to-
glass and glass-to-metal seals are appearing on the market. 13 
(b) It is possible to produce grain sizes of crystals smaller with 
thi.s method than by any other (as small as a few angstroms in size). It 
has been reported that essentially complete crystallization is possible 
with an gy~rage crystal size down to 200 to 300 angstroms" 27 This is one 
of the most important advantages. 
(c) First making the desired article of a homogeneous glass solves 
the problems of porosity, uniformity of product, and dependence of the 
microstructure on the early stages of processing and upon the state of 
the starting ma.terials. 
(d) Orientation of crystals in well-nucleated glass-·ceramics is 
completely ra.ndom except where the internal nucleating agent is less 
efficient than the surface. 
(e) It is not uncommon to discover crystal phases not found in 
other ceramics, even new and unknown ones, some of them being metastable 
phases whose nucleation and crystallization ra.tes are faster than those 
of the equi.l ibrium phases. 
(f) A number of glass-ceramics have been developed which are com-
pletely transparent, even though they are highly crystalline and contain 
at least two phases. They owe their transpa.rency to (1) their small 
crystal size, (2) the absence of light-scattering crystal boundaries, 
and (3) the absence of hubbies and voids" The refractive indices of the 
phases present must be c.l osely mt"l. tched. 
(g) Young's moduli for glass-ceramics are distinctly higher than 
that of a glass of the same c.ompositi.ons. 
27 
(h) In gla.ss the coefficients of thermal expansion vary in a regular 
manner with chemical composition. The major crystalline phase present is 
the important factor governing therma.l expansion coefficients in glass-
ceramics and sintered ceramics,. An advantage of the small crystals of 
glass-ceramics i.s that they make the use of highly anisotropic crystals 
such as f)~·eucrypti te. poss1 ble, which J..n larger grained sintered ceramics 
cause porosity and weakness. 
(i) Since porosity decreases thermal conductivity, a non-porous 
glass·-ceramic would be more conductive than a porous s intered ceramic 
of the same compos i.tion. The thermal conductivity of glass is relatively 
low and increases slightly with temperature. That of non-porous crystal-
line sintered ceramics decreases with increasing temperature, while those 
that have been determined for glass-·ceramics are nearly constant with 
temperature. 
(j) Because of the porosity difference again, the chemical durabil-
ity of non-porous glass-ceramics is better than that of porous sintered 
ceramics. 
and s intered .£~ramics. It is of interest to look at the effect of grain 
size on the strength of sintered ceramics and on the strength of glass to 
come to grips with its two-fold effect on glass-ceramics. From studies 
of sintered ceramics with grain sizes over 20t-L the strength seems to be 
. 1 h . . 28 d bl . inversely proport1ona to t e gra1.n s1.ze, an presuma y 1.ndependent 
of surface flaws. Glass, c•n the other hand, which may be thought of as 
having zero crystal size, was shown to have intrinsic strength above 
106 psi, which was calculated to be of the order of atomic bond strengths. 
Surface flaws, however, reduce the strength of glass to the order of 
28 
104 psi. Since glass-ceramics essentially bridge the gap between glass 
and sintered ceramics with respect to grain size, quantitative studies 
of the effect of grain size should be possible which may lead to ceramics 
of maximum strength. Generally, the strength of glass-ceramics is higher 
than sintered ceramics of the same composition. 
b. Th§. gf~ct of heat-treatment .£!!. the strength of another glass-
ceramic rna terial. 
------- .~~~~ 
25 Watanabe, eL aL, studied the strength of a hetero·-
geneously nucleated glass-·ceramic in the system Si02-Al 2o3-Li20-Kz0 both 
in the as~formed, glassy state, and after various stages of heat-treatment. 
These authors had previously done a great deal of work perfecting the 
techniques and the elaborate equipment for producing glass in its pris-
. d' . d . . . . t th 16,29,30,31,32 tLne con 1t1on an test1ng Lts prLstLne s reng • This 
equipment and technique was used in their study of the strength of this 
glass-·ceramic material. 
Very briefly, the experimental procedure was as follows: 
(1) A 3-lb. batch of the composition 80 percent Si02 , 4.0 percent 
Al 2o3 , 12.4 percent Li20, 2.5 percent KzO, .025 percent Ceo2 , .015 per-
cent Sno2 ., .18 percent AgCl (weight percent) was mixed in a ball mill 
33 for 10 hours according to Stookey's Japanese patent. 
(2) The batch was melted in preheated fireclay crucibles in a globar 
furnace at 1450° C for 4 hours. 
) ' d . h. 19 d d h 1 (3, A cont:t.nuous rawJ.ng mac 1.ne was use to raw t e g ass into 
cane 0.050 to 0.075-inch in diameter. The machine only touched the cane 
at 3-inch intervals at which intervals the cane was cut into 3-inch 
lengths and beaded on one end in a gas flame. The beads served to hold 
the specimens during heat-·trea tment to avoid deformation. 
(4) Heat-·treating the specimens was accomplished according to 
Figure 11. The N series samples were allowed to nucleate for one hour 
29 
at 500'" C and begin in:i tial growth of the small crystallites which form 
during the glass-to-·ceramic transition for 1 hour at 600° C. The H 
series were heated at a constant rate to 900° C. At various stages dur-
ing the treatment, samples were quenched to room temperature as indicated 
by the arrows pointing down (Figure 11) . 
(5) Some of the treated specimens were subsequently abraded in a 
specially designed grit blaster, 29 aged in an H20 atmosphere for 20 hours, 31 
d t d . . 1 29 ' 30 h '1 . d . d. '11 d an tes e 1.n a un1versa tester w ~ e Immerse ~n 1st1 e water. 
Abrasion was omit.ted on other specimens. Figure 12 shows the strength 
results. 
The standard deviation of the strength values for the abraded speci-
mens was between 5 and 15 percent of the mean, while that for the unabraded 
specimens was 15 to 25 percent of that of the mean value. 
It can be seen that for this composition, the strength of the com-
pletely converted ceramic in the abraded condition was about 27,000 psi, 
whereas the glassy, as-,formed state had a strength of only about 11,000 
psi. In the unabraded condition the glassy state strength exceeded 
80,000 psi and 38,000 psi after heat-treatment. The heat-treated glass-
ceramic is, thus, stronger than the glass after abrasion, but considerably 
weaker when both are unabraded. Although the strength in the abraded 
samples decreased slightly upon heating up to the nucleation temperature 
(600'1 C), it gradually increased from there to complete crystallization 
(900" C). The development of optimum mechanical properties was not 
highly dependent on the detailed heating schedule above the nucleation 
temperature. 
6. Nuclea tlon and ,£rys tall iza tion of glass-·ceramics 
When a new phase forms and grows it is usually thought of as occur-
ring in two steps. First must occur the formation of small, stable nuclei 






Figure 11. Heat-treatment schedule for glass-
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which must then grow until an equilibrium condition is reached. This 
equilLbrium condition is not always easily reached because either the 
nucleation process or the growth process acts as the rate controlling 
step., This is tantamount to saying that either the formation of nuclei 
or the growth of the nuclei may be so slow that equilibrium is not 
reached within a reasonable time. For this reason "seeding" melts with 
nuclei when the nucleation rate is the limiting factor and reheating 
cooled melts with existing nuclei to allow them to grow more rapidly are 
both in common practice. 
In the glass industry, most of the research efforts have tradition-
ally been directed at preventing nucleation and crystallization (devitri-
fic.ation). This undesirable devitrification was usually surface-nucleated 
and resulted in a weak, coarse-grained structure. Since the discovery of 
glass-ceramics a great amount of research effort has been turned on the 
positive aspects of nucleation and crystallization. Glass-ceramics dis-
play an ultra.fine grain size and therefore have a. high degree of homo-
genei.ty. Their formation has been assumed to depend upon nucleating 
agents or catalysts which are distributed in sufficient concentration 
and uniformity to produce the fine-grain structure. These nucleating 
catalysts "dissolve in the melt and precipitate as the glass cools to 
form nucleation sites ·for crystallization on subsequent heat-·treatment". 34 
Although the theory of nucleation catalysis has been perhaps the 
most widely recognized, other mechanisms of merit have recently been 
suggested. One such mechanism is that a "glass·-in-glass separation"35 
occurs in the solidified glass melt which initiates crystalliza• 
i 35,36,37,38,39 t .on. For many years the 1 iquid immiscibility of s il i-
lt h b . d I 1927 G . 40 d f h ca t:e me s as een rec ogn~ze . n · re ~g rna e a summary o t e 
innniscibili.ty data that had been obtained to that point. Warren and 
32 
Pi.ncus41 applied the ideas of crystal chemistry to the immiscibility in 
glass systems and explained it qualitatively and semi-quantitatively on 
the basis of the effect of various ions on the network structure. Roy37 
called attention to subsolidus nucleation which may be due to liquid 
immiscibility existing metastably below the solidus line of the phase 
diagram. The immisci.ble glass droplets can be formed either during 
quenching from a melt (Figure 13, composition 1), or after heat-treating 
a clear glass from room temperature (Figure 13, composition 2), depending 
on the composition. In reference to these metastable glass droplets Roy 
exp la i.ns that, 
"The nucleation of a second liquid phase is in many ways 
different from the nucleation of a crystalline phase, beyond 
the obvious distinction of short-range versus long-range order 
in the nucleus, The composition of such a liquid may be radi-
cally different from the crystals one might expect; the rate 
of nucleation of the liquid nuclei may be very much higher 
since it could be accomplished by the movement of entire blocs 
of the same composition rather than the high··activation-energy 
process of separating out certain cations after breaking many 
metal-oxygen bonds. Thus, one is provided with a possible 
method of nucleating and subsequently crystallizing certain 
glasses at much lower temperatures than might otherwise be 
possible. For the same reason, a very fine dispersion of 
the nuclei is not only possible, but likely."37 
It is noted here that when Roy spoke of "entire blocs of the same 
composi.tion" he had reference to what has previously been referred to in 
this thesis as "glassy-microphases", i.e., small units of one type of 
glass (Si02·-rich) in a matrix of another glass (richer in modifier cations). 
42 Further work in this area has also been done recently by Roy. 
Recent experimental evidence in support of this glass-in-glass separ-
39,40 
ation concept has been produced. Vogel and Gerth39 have concluded 
from their experimental evidence that on cooling a glass melt, clusters 
of homogeneous ions will aggregate in certain areas. These clusters form 
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Figure 13 . Representation of a simple binary system in 
which two immiscible glass phases could be separated and 
exist metastably below the solidus line. (After Roy37) 
34 
melt and ideal order of the crystalline state during the solidification 
process. The rapid cooling of the melt inhibits the orientation process 
resulting in this intermediate cluster stage which is a prerequisite for 
crystallization. They further say that under certain conditions the 
clusters will come together to form droplets which separate from the 
matrix glass, forming crystalline-like interfaces" Many electron-
microscope pictures of these glassy droplets taken by these authors 
offer dramatic evidence of their existence. That the formation of these 
droplets can and must be controlled and is the basic process in any pro-
duction of glass-ceramics is the surrnnary of these authors. 
b 1 35,43 1 Ohl erg, et. a ., have a so made impressive photomicrographs 
revealing the presence of these immiscible glass droplets.. They choose 
to use the terms "surface nucleation" and "internal nucleation" in order 
to distinguish the observed phenomena in the devitrification of glasses. 
They suggest that the more commonly used terms, heterogeneous or homo-
geneous nucleation can be a source of misunderstanding because it is 
frequently difficult to establish the presence or absence of foreign 
nuclei. Surface nucleation means then, merely, that crystallization be-
gins at an external surface, whereas internal nucleation refers to crystal-
lization originating throughout a glass body. This excludes crystalliza-
tion beginning at bubbles and impurities. 35 Ohlberg, et. al., showed ample 
evidence in three different compositions that the glasses were crystallized 
by virtue of a glass~in·-glass droplet separation which internally nucleated 
them. Thei.r study of a composition i.n the system Mg0-Alz03-Si0z-Ti0z deter-
mined that droplets form spontaneously upon cooling this composition, and 
0 
reach a 500 A critical size upon heat-treating, after which a glass-crystal 
transformation occurred. These crystalline centers formed of the droplets 
then act as the nucleating agents for the matrix glass. A similar 
35 
phenomenon was found in a composition in the LizO-CaO-SiOz-TiOz system. 
Droplets in this composition formed spontaneously to a diameter of 2000-
4000 ~- Crystallization at the droplet interface then proceeded inward 
upon reheating and the crystalline centers then nucleated the matrix. 
It can be seen that a wealth of recent evidence has been presented 
in favor of a glass-in-glass separation mechanism for nucleation of glass-
ceramics. Of interest here is the contribution of Turnbull, 44 who has 
shown that the free energy of nucleation, b::F, for a liquid-liquid separa-
tion is proportional to the cube of the interfacial energy, which is 
nearly zero for most glasses. 
7. Studies Q£ the system SiOz-MgO-Alz03-LizQ 
The last glass composition to be studied by Ohlberg, et. al., in his 
· 1 · d 35 h · · 53 s·o 19 prev1ous y ment~one paper was t e compos1.t1.on percent 1. 2• per-
cent Alz03, 15 percent MgO, and 13 percent LizO, by weight. It was be-
cause of their paper that this particular composition was chosen for the 
present study. Glass droplets were not only evidenced in their study, 
but could be seen with merely a light microscope. Under crossed nicols 
a thin section of the droplet-la.den material appeared as bright, uniform 
circles against a dark background, with a perfect optic cross in each 
circle. The size of the droplets ranged from 1 to 30fl, depending on the 
thermal treatment and slight composition variations. The crystalline 
phase of the samples was determined by X-ray diffraction to be silica-o45 
when the glass was 58 percent crystalline (after heat-treating for 96 
hours at 595° C and 30 minutes at 650° C). On further heat-treatment 
(650° C for 19 hours) the sample was found to be 85 percent crystalline, 
the phases being t3-spodumene and silica-0. Photomicrographs show that 
crystallization is initiated at the droplet-matrix interface and then 
36 
proceeds inward. 35 Because of this, Ohlberg, et. al., proposed a new 
mechanism for spheruli.te growth, that of radiating inward from the 
droplet-m.a.trix interface to a connnon center rather than the conventional 
theory of radiating outward from single point nucleus. They point out 
that the glass droplets can easily be distinguished from the crystallized 
spherulites by the near-perfect shape of the droplet, its lower birefring·-
ence, and its lack of radiating structure. As in their studies of other 
compositions previously mentioned, the crystallized spherulites then 
served to nucleate and crystallize the matrix glass. 
46 Tashiro, et. al., studied the effect of a platinum nucleating agent 
on glasses in the system Si0z-Alz03-Mg0-Liz0 by measuring bending strengths 
of the nucleated rods. The composition was varied, keeping the Li2o con-
tent at a constant 12 percent in order to obtain glasses with the following 
properties: 
(a) Glass which may be obtained at a melting temperature lower than 
1400° c. 
(b) Glass which converts into the polycrystalline material without 
any noticeable deformation during the reheating. 
The range in which condition (a) was satisfied was 60-100 percent Si02, 
0-30 percent MgO; and that of condition (b) was 60-100 percent Si02, 
0-30 percent Al 2o3 , and 0-20 percent MgO. It is well to note that the 
composition studies in this thesis meet neither of these requirements 
since only 53 percent Si02 was used. 
47 Sakka, et. al., studied the effect of heat-treatment on the 
strength of glass-ceramic materials from the system Si02-Alz03-Mg0-Li2o. 
The composition 62 percent Si02 , 23 percent Alz03, 15 percent MgO, and 
4 percent Li2o produced the crystalline material with the highest modu-
lus of rupture, that of 1550 kg./cm2• X-ray analysis of this composition 
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showed that ~-eucryptite crystallized out first at about 850° C and ~­
spodumene at about 1000° C. Slow heating (less than 5° per minute) was 
necessary in the 800° to 900° range (where ~-eucryptite crystallized) for 
maximum strength. It was found that the strength also increased with 
holding temperature. 
That this system has many and complex variables to contend with is 
evidenced from the above review and the fact that when Ohlberg learned of 
the present study he said that the system had a strong tendency to devi-
trify and that the irmniscibility behavior was sensitive to slight varia-
tions in composition. ''We never felt we could control or even knew all 
the variables connected with thi.s metastable state," he said.48 
III. EXPERIMENTAL PROCEDURE 
A. Selecting ~ Uniform Strength Testing Procedure Using Soda-Lime 
Glass Cylinders 
To the author's knowledge, the diametral loading technique, as 
such, had not been previously applied to glass. In order to find a 
method of preparing suitable cylindrical glass specimens, the 
following steps were taken: 
1. Soda-lime glass samples 12 rnm. in diameter and 12 mm. in 
length, the ends of which were ground smooth, flat, and parallel, ~ere 
obtained from the Corning Glass Works, Corning, New York. 
2. The samples were checked for cracks, chips, and other visible 
imperfections which may have impaired their strength. The number of 
samples which were not rejected on this basis was about 24. 
3. Half of the samples were flame-polished on the ground bases 
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of the cylinders (the round surfaces were already flame-polished). 
Half of those flame-polished and half of those not flame-polished were 
then annealed to the point of showing no birefringence under crossed 
nicols (the unannealed samples displayed a high degree of birefringence). 
4. The four groups of samples were then tested on a Tinius-Olson, 
dual gage, 300,000-lb. capacity compressive loading machine according 
to the diametral loading technique, at a rate of approximately 6,000 lb./ 
minute. The loading strips were of the wide, blotter paper variety 
20 developed and described by Moore. 
B. Preparation and Testing of Pyrex Glass Cylinders 
Since the glass cylinders to be used for this study were to be made 
by the author, a satisfactory technique for cutting and truing the flat 
ends of glass cylinders from glass rod had to be developed. In addition, 
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a more thor0ugh study of the effect of surface condition on the strength 
data of diarnetrally loaded glass cylinders was desired. 
One-half inch Pyrex chemical-resistant glass rod from the Corning 
Glass Works was cut into 10-inch lengths with a circular diamond saw. 
The 10-inch lengths were then securely held perpendicular to the saw 
blade by means of a wooden jig and cut into 5/8-inch pieces, rotating 
the rod slowly while cutting in order to produce cylinders as free from 
chips as possible" 
Twenty-five holes 17/32-inch in diameter were drilled in a 7 inch 
disc of 3/8-inch aluminum plate. The holes were staggered evenly at 
radii varying between 1-1/2 and 3 inches. A 1-1/2 inch diameter hole 
was cut in the center of the disc. The glass cylinders were secured in 
the holes with "liquid solder" so that 1/8-inch of each of the glass 
cylinders protruded from each side of the aluminum disc with the cylin-
der axes perpendicular to the disc. After the liquid solder has set up, 
the disc was placed on an 8 inch grinding and polishing wheel, where the 
cylinder faces were ground smooth by feeding water and grit through the 
larger 1-1/2 inch hole in the center of the disc. The grits used were 
120, 240, and 320 silicon carbide and 400 alumina, in that order. The 
aluminum disc was held with even pressure against the rotating wheel by 
means of another aluminum disc 1/8-inch thick and 7 inches in diameter, 
fitted with 2 short bolts that fit into small holes in the glass cylinder-
containing disc to keep it from turning with the wheel. A rubber disc 
3/16-inch in diameter and 7 inches thick was placed between the two discs 
to act as a cushion to the cylinders and to allow a more even pressure to 
be applied on each one. Both the rubber and the 1/8-inch aluminum discs 
had 1-1/2 inch holes drilled in their centers to allow passage of the 
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grit and water to the grinding and polishing surface. This grinding pro-
cess reduced the length of the cylinders to approximately 0.45-inch and 
eliminated most of the small chips left by the diamond saw. Acetone was 
used to remove the cylinders from the aluminum disc. Seventy-five discs 
were prepared in this way; the obviously defective discs (chipped, cracked, 
etc.) were discarded. 
One-third of the Pyrex cylinders were broken without further treat-
ment, using the diametral loading technique. The second one-third of the 
Pyrex cylinders were scratched lengthwise on their sides and at random on 
their faces on a 325 grit sandpaper wheel, These cylinders were then 
broken in diametral compression., The final third of the Pyrex cylinders 
were etched in an acid solution (24 percent Hf, 24 percent H2so4 , and 52 
percent H20) by dipping them in the solution for 30 to 60 seconds and 
rinsing in water successively, for a total time in the acid solution of 
5 minutes. The etched cylinders were then broken (dry) in diametral 
compression., 
35 Two of the compositions .studied by Ohlberg, et. al,, were made up 
into 200-gram batches, Tht:. first wa.s similar in composition to that 
49 described by Stookey. Th.:: final ba t.ch composition, after melting, was 
calculated to be 56 percent Sio2 , 7 percent Ti02, 20 percent Al 2o3 , 17 
percent MgO, and contained the following raw materials: 
SiOz- Ottawa Sand (99,95 percent Si02), Ottawa Flint Co., Ottawa, Ill. 
Ti02 - Titanox-A c;; from the Titanium Pigment Corp. 
Al 2o 3 -· (anhydrous) Reagent Lot 1/:711119 from Fisher Scientific Co., 
Fairlawn, New jersey. 
MgC03 - (light powder) U.S.P. Lot /f713541 from Fisher Scientific Co., 
Fairlawn, New Jersey,, 
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The second composition was 53 percent Si02 , 19 percent Al 2o 3 , 15 percent 
MgO, and 13 percent Li20o (This composition was finally selected for 
this study,) The raw materials were the same as above with the LiC03 
(N.F. VIII Lot l/=705441) obtained from the Fisher Scientific Co. 
The batches described above were melted in Kyanite crucibles in an 
electric globar furnace. The temperature limit of this furnace was 
slightly above 1500° C. The crucibles were obtained from Findlay 
Refractories, Co. 
The ease of melting, viscosity of the melt, melting temperature, 
crucible erosion, tendency to crystallize on cooling, etc., were examined. 
D. Preliminary Rea t·-Trea tment Procedure 
In order to determine the effect of heat-treatment on the glass 
composition 53 percent Sio2 , 19 percent AL203, 15 percent MgO, and 13 
percent Li 2o, rods were formed of the 'glass by pouring the melted glass 
into 3/8-inch holes drilled in a carbon block. Short sections of these 
rods were heat-treated in a small electric, 2-inch alumina tube furnace, 
in alumina boats, for 96 hours at 595° C. (according to the procedure of 
1 35, Ohlberg, et. a . J and then heat-treated further for various times and 
temperatures. 
Since it was desired to produce cylinders with as smooth a surface 
as possible, many types of molds in which to pour the fined glass were 
investigated. (See Appendix C.) 
Although carbon molds were avoided in the preliminary search for 
mold materials, they were the ones finally used for this experiment. A 
5-3/16 inch diameter graphite cylinder from National Carbon Co. was cut 
into 2-3/16 inch lengths. Thirty-six 7/16-inch holes, spaced 11/16-inch 
apart (center to center) were drilled into each length. Special care was 
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taken to see that the bit was sharp and aligned,and produced smooth, 
true holes. Carbon discs 3/8-inch thick were cut from the same 5-3/16 
inch diameter stock to act as mold "bottoms". Before pouring, the molds 
and bottoms were heated to 450° C. in a preheated furnace for 5 to 10 
minutes and placed back into this furnace immediately after pouring, to 
avoid thermal shocking the glass rods. The furnace was then allowed to 
cool. 
F. ~,eecimen PreEa~i£!2. 
Four-hundred-gram batches of the selected glass composition were 
mixed from the raw materials previously mentioned. The batches were mixed 
in a stainless-steel twin-shell dry blender from Patterson-Kelley Corp., 
East Stroudsburg, Pa., for l-l/2 hours with the intensifier bar in opera-
tion. The mixed batch was then charged in the preheated Kyanite crucible 
in the furnace as the temperature was going up between 1100° C. and 1400° C. 
The glass batch was held constant at l450c C. and stirred every 15 minutes 
until it appeared to be thoroughly fined and homogeneous. The glass was 
then poured into the carbon molds preheated to 450° C., and the filled 
molds were placed back into the 450° furnace. The furnace was turned off 
and allowed to cool. 
After the glass rods had been pushed out of the cooled carbon molds, 
those that were cracked or had other internal or surface defects were 
discarded. The acceptable rods were cut into 5/8-inch cylinders on a 
circular diamond saw, using the method previously described for Pyrex 
rods. The cut cylinders were mounted in an aluminum disc and polished 
in the identical manner described for Pyrex cylinders. All chipped or 
otherwise visibly defective specimens were discarded or used for pur-
poses other than strength testing. One-hundred-two acceptable specimens 
were divided into three groups of 34 each. One group of 34 specimens 
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was broken, using the diametral loading technique without further treat-
ment. They were not annealed because that would constitute heat-treating 
them" 
G. Heat-Treating S~cimens 
Since the specimens in the remaining two groups were all to be heat-
treated to some degree, they were placed on a platinum sheet and heat-
treated for 96 hours at 595° C. in an electric globar furnace. The rate 
of heating and the rate of cooling were both 1° per minute, as controlled 
by a cam-operated L & N controller" Half of these specimens were then 
reheated at 1° per minute to 625° C., held for 58 hours, and cooled at 
1° per minute to room temperature. The heat-treatments of these two 
groups are represented by points 1.0 and 2"0 on Figure 14. The other 
heat-treatments were accomplished by taking three samples of each of 
heat-treatments 1.0 and 2.0 and heating them at a rate of 1.5° per min-
ute to each of the 3 temperatures, 650°, 750°, and 1000° C., holding 3 
hours, and then cooling at 1° per minute to room temperature. These 
treatments are represented by points 1.1 and 2.1, 1.2 and 2.2, and 
1.4 and 2.4, respectively, on Figure 14. In addition, two other heat-
treatments, as shown by points 1.05 and 2.3 of Figure 14, were performed, 
representing 30 minutes at 650° C. and 3 hours at 900° C., respectively, 
both with heating rates of 1.5° per minute and cooling rates of 1° per 
minute. Samples frorryall heat-treatments were broken according to the 
diametral loading technique. 
H. Preparation .£i Thin-Sections 
Samples represented by each of the 10 heat-treatment points of 
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The samples were polished smooth individually by hand on a grinding 
and polishing wheel using the same grits as used for grinding the ends 
of the cylindrical specimens originally. The samples were then dried 
thoroughly and attached to clean glass slides by means of Canada Balsam 
which was melted on the slide and allowed to cool while the smooth sample 
was being held tightly to the slide in the melted balsam. On some samples 
it was necessary to grind the slide on the grinding wheel with the 400 
alumina grit in order to get a strong enough bond between the sample and 
slide. The sample was cut off with a diamond saw close to the slide and 
then ground down to the desired thin section thickness on the grinding 
wheel. 
I. Preparation of E_olished Sections 
Samples representing the various degrees of heat-treatment were 
also made into polished sections as follows: 
Each sample was sanded fairly smooth with 240 grit sand paper and 
mounted in bakelite using a Buehler bakelite mounting apparatus. The 
specimens were ground and polished with a Buehler automatic grinding 
and polishing apparatus (Automet) using 320 and 400 grit Automet 
abrasive paper, at low speed. The samples remained in the same 
mounting while they were polished on a Buehler low-nap Metcloth with 
alumina-A abrasive. A discussion of the Automet and other automatic 
polishing techniques is given in the ASTM Special Technical Publication 
50 Noo 285. 
The samples were etched by dipping them in a solution of 40 percent 
H2o, 40 percent Hf, and 20 percent H2S04 (by volume) for 1 to 5 seconds 
and washing them off immediately with tap water. This procedure etched 
the crystalline phase and left the glassy phase essentially in its 
polished state. 
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J. Microscope Techniques 
The techniques of petrographic, transmitted-light microscopy and 
of metallographic, reflected-light microscopy were utilized in this 
study. The thin sections were examined and photographed with trans-
mitted light using a Seitz, binocular, petrographic microscope. Both 
polarized (crossed nicols) and unpolarized light were used. The bakelite-
mounted samples were examined and photographed with transmitted light 
using a Bausch and Lomb research metallograph. These samples, too, were 
examined under polarized and unpolarized light. 
K. X-Ray Diffraction Analysis 
Three powdered samples having been heat-treated corresponding to 
points 1.0, 2.1, and 2.3 on Figure 14 were chosen for phase analysis by 
X-ray diffraction on a Norelco diffractometer. They were to be repre-
sentative of the just-nucleated glass, the partially crystalline glass, 
and the completely-crystallized glass-ceramic, respectively. An 
emission spectrograph was also used for qualitative chemical analysis 
of the crystallized glass. 
L. Softenin.g_ R~ 
As an indication of the degree of crystallization that had taken 
place and the effect of heat-treatment on the softening behavior of the 
glass-ceramic ma.terial, dilatometer tests were performed on a sample at 
each heat-treatment point (Figure 14). The test consisted of placing 
the sample in a globar furnace with a sapphire rod 15-7/8 inches long 
and 1/8-inch in diameter resting on the sample with the opposite end of 
the rod sticking out of the furnace and depressing a dilatometer which 
was clamped securely to the furnace. As the temperature rose, the 
expanding sample pushed on the rod which, in turn, moved the dilatometer 
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dial in a positive direction. When sufficient temperature was reached 
to soften the sample, the dial began turning in a negative direction. 
The furnace heating rate for these tests was 5.3° per minute and the 
load upon the sample was calculated to be 10 pounds per square inch. 
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IV. EXPERIMENTAL RESULTS AND DISCUSSION 
A. Results of Surface Treatment on the Strength, of Diametrally Loaded 
Glass Cylinders 
1. Soda-lime glass cylinders 
Table I shows the strength data obtained from the soda-lime cylin-
ders tested. It will be noted from this table that the amount of data 
obtained varied from group to group., This was due mainly to the fact 
that the technique and the material were new to this author and errors 
were made in platen alignment, etc., which eliminated some specimens. 
Careful examination of the flame-polished specimens showed a 
"dumbell" effect at the ends of the cylinders. The process of flame-
polishing had softened the specimens on the flat faces just enough to 
cause them to be very slightly larger on the extreme ends. Although 
this phenomenon was slight, it was felt that flame-polishing was un-
desirable because (a) the degree of "dumbelling" was somewhat uncon-
trollable and immeasurable, and (b) even slight deviation.:> from parallel 
contacts between the specimen and the platens of the loading device 
would cause serious deviations from the calculated stress distribution 
(Figure 9). 
The stresses shown on Table 1 were calculated from equation 9 
2P (o =- ) which, in this case of constant dimensions is a .: 2 85P. The 
7TDL 
fact that the average stress values are tensile stresses is recalled from 
the theory and Figure 9. Very little difference in average tensile 
strength can be seen in the various groups of Table I, but a difference 
in dispersion can be seen between the flame-polished and the not flame-
polished specimens. 
TABLE 1 
Str.~ggth Data Q~!_§:_in~2_ for Soda-Lime Glass fylinders 
Loaded Along ~ Diametral Plane* 
"----------------Annealed Unannealed 
-
Flame-Polished Not Flame-Polished Not Flame-Polished Flame-Polished 
Load Stress Load Stress Load Stress Load Stress 
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p (lb.) o (psi) p (lli.:_l_ ~_ipsi) p (lb.) cr (psi2_ p (lb.) a {psi2__ 
3, 750 10,700 3,800 10,820 3,600 10,280 4,000 11 '400 
3,200 9,120 3,560 10,150 4,800 13,690 3,875 11' 040 
4,650 13,270 4, 500 12,820 4,150 11' 690 4,000 11,400 
4,150 11' 820 - -· 5,000 14,260 4,550 12,980 
3,750 10,700 - -· - - - -
Av. 11,115 psi Av. 11,267 psi Av. 12,504 psi Av. 11' 703 psi 
Range - 4,150 Range -· 2 670 Range - 3, 980 Range -
*Received as samples from Corning Glass Works. Dimensions were 
12 mm. in diameter and 12 mm. in length. 
1.2..940 
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2. ryrex &lass cylinders 
The data obtained from the Pyrex glass cylinders is shown in 
Table 11. Note from this table that the "average" diameter is given 
instead of the diameter. This term was used because the commercial 
Pyrex rods used for making these cylinders were not round or uniform in 
diameter. The diameter of each cylinder varied a total amount of 0.010 
to 0.020-inch as it was turned in the micrometer. The lengthwise varia-
tion was generally not appreciable on the short cylinders, although it 
could easily be detected on the long, uncut rods. Another deviation 
from the ideal glass cylinder was the existence of a tiny capillary-like 
hole (apparently created by an elongated bubble produced during the draw-
ing of the rod) running the entire length of each cylinder, approximately 
at its center. These little "bubble holes" varied slightly in size and 
position. In some specimens there were two, in others they were parti-
cularly large, even to the extent of containing grit from the end-polishing 
operation. In every case tested these specimens (with large holes and two 
holes) broke at a load value far below that of the other specimens and, 
therefore, their data were disregarded and do not appear in Table II. 
It can be seen from the values of the mean tensile stresses 
n 
( X "" 
.z X. 
~1;_:::_: 1 _ _;1;;;;. ) 
n 
on Table II that the scratched specimens yielded the 
lowest average stress values and the etched specimens, the highest. The 
range values, however, show that the etched specimens stress range was 
almost equal to their average stress value, while the ranges for the other 
specimens were less than half the average stress values. This is indica-
tive of the tendency of acid attack to enlarge large flaws (like large 
bubble holes, deep scratches, etc.) while it eliminates the small surface 
TABLE II 
Diametral Loading of Pyrex Glass Cylinders (Annealed) 
No surface treatment I Scratched specimens Etched specimens 
engt . 1 eng . engt L h [Average Break !Tensile L th Average Break TensileiL h Average Break Tensile dia. load stress . dLa. load I stress . dLa. load stress . 
L (Ln.) D (in.) P (lb.) cr_(psi) L (Ln.) D (in.) P (lb.) cr (p~i) L (Ln.) D (in.) P (lb.) cr (psi) 
.450 .507 3,400 9,484 .419 .504 3,050 9,193 .406 
.465 .518 3,720 9,830 .445 .508 3,650 10,277 .455 
.469 .497 4,280 11,689 .441 .492 2,880 8,449 .444 
.431 .499 3,700 10,950 .419 .501 2,800 8,492 .462 
.475 .507 5,050 13,351 .415 .500 2,470 7,578 .415 
.418 .504 4,250 12,841 .412 .492 3,450 10,835 .417 
.475 .493 5,050 13,351 .417 .510 3,300 9,877 .457 
.425 .497 4,600 13,865 .450 .498 4,210 11,959 .418 
.456 .504 4,250 12,841 .418 .506 3,600 10,836 .416 
.414 .505 3,450 10,503 .413 .505 2,500 7,630 .409 
.458 .498 3,550 9,907 .444 .506 3,450 9,774 .421 
.425 .498 3,160 9,502 .441 .498 2,610 7,566 .420 
.415 .494 2,900 9,005 .474 .503 3,500 9,346 .406 
.421 .495 2,990 9,133 .463 .497 3,280 9,075 .452 
.428 .498 3,670 10,964 .443 .491 3,330 9,746 .442 
.428 .493 3,270 9,866 .460 .499 3,280 9,098 .405 
.455 .498 3,750 10,535 .427 .498 3,250 9,732 .439 
.474 .504 3,480 9,273 .431 .508 3,680 10,702 .452 
.411 .500 3,760 11,648 .415 .506 3,190 9,670 .424 
.427 .512 3,240 9,436 .441 .508 2,910 8,270 .421 
.415 .511 3,620 110,865 .417 .514 2,800 8,318 .441 
- - - - .470 .497 3,900 10,628 .470 
- . - - 1 - - - 1 - - • 464 
- ' - . - - - - l - : - - . 453 
L ..... R = 475-411 = 64 I L .... R = 474-412 = 62 I L .... R = 
D ..... R = 518-493 = 25 D .... R = 514-491 = 23 D .... R = 
cr ..... R = 13,865-9,005 
X= 10.884 psi 
= 4,860 cr .... R = 11,959-7,566 
X= 9.411_j>_Si 
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flaws by etching away the glass to a depth in excess of the small flaw 
depth. Even though the highest strengths were obtained on the etched 
cylinders, the great dispersion of strength values was a factor in de-
ciding against etching in this study. It was found that scratching the 
specimens did not reduce the dispersion appreciably from that of the 
specimens which were without treatment and that scratching uniformly and 
consistently was difficult. Scratching future specimens, therefore, was 
also eliminated. 
B. Comparison of Diametral Loading Strength Results 
A comparison of Tables I and II shows the average stress values to 
be approximately the same for the soda-lime and the Pyrex cylinders. The 
ranges of the Pyrex specimens (unetched) are approximately double those 
of the soda-lime specimens which were not flame-polished, and approximately 
equal to the flame-polished soda-lime specimens. In each case, the greater 
scatter can be attributed to visible defects, i.e., the "dumbelling" and 
the "bubble holes". The tensile strength and the range of strength 
values for these two glasses seem to correlate very well. 
Comparison of the work done by Kenny 23 will now be made with the 
preliminary work done in this study. Even though Kenny did not do a 
strength study on glass, as such, in his data for his surface energy 
study, enough information is given to calculate the tensile stress 
attained on his cylinders at the point of fracture. His data, with the 
stress calculations according to the diametral loading theory and equa-
tion (9), as computed on the LGP-30 digital computer of the Missouri 
School of Mines Computer Center, are given in Table Ill. 
Caution must be used in comparing Kenny's results with those in 
this study. Without the use of loading strips, the maximum tensile stress 
TABLE III 
Strength Data From ReJ?_ort on Surface 
Energy of Crushed Pyrex Cylinders* 
Cylinders crushed on-the-round 
Large Small 
Diameter .498" Length .499" Diameter .365" length .355" 
Load Tensile stress Load Tensile stress 
p (lb.) a (psi) p (lb.) a (psi)_ 
2,290 5,867 1,810 8,893 
3,500 8,966 2,050 10,072 
1,810 4, 637 1,330 6,534 
1,330 3,407 1,570 6,534 
2,050 5,252 1,570 7,714 
1,810 4,637 1,810 7' 714 
1,570 4,022 1,450 8,893 
2,050 5,252 1,450 7,124 
1,680 4,304 1,940 7,124 
- - 1,330 9,532 
- - 1,080 5,306 
- - 1,570 7,714 
*Stress calculated on the basis of diametral loading theory 
of stress distribution. 
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may not always be measured. Since the load is applied directly to a very 
small area on the glass surface by the hardened steel platens, cracking 
could easily result, causing premature breaks. Also, variables such as 
loading rates, etc., which were not of particular importance in Kenny's 
study are not known and, therefore, make comparison difficult. It is, 
however, expected that his values would average somewhat lower than those 
in this study, as they do. It will be noted, also, that the maximum ten-
sile stresses in Kenny's study are near the average stress values deter-
mined in this study. Taking into consideration the difference in tech-
nique and purpose, the work done by Kenny seems to correlate reasonably 
well with the present work. 
The glass fragments and products resulting from breaking the speci· 
mens will be mentioned here and discussed further in succeeding sectionso 
The products from the soda-lime and Pyrex glass cylinders broken in this 
study were similar to those described by Kenny when he said that the speci-
mens failed suddenly with a loud report and were reduced irrnnediately to 
a fine powder. If any large fragments did fly from the "exploding" speci-
mens, they hit the wall and protection shield with such force that they 
may have broken at this time. In any case, very few fragments of any 
size were found after breaking. Not too infrequently, the thin diametral 
plane along which the specimen was loaded remained after breaking. It 
was thinner than that described by Moore 20 on Figure 10, and seemed to 
be a single plane rather than being split in the center. 
C. Selection of ~ Glass Composition for Stu£y 
The first of the batch compositions melted and described in the 
experimental procedure was found to be very difficult to melt at 1500° C. 
(the furnace maximum temperature). When finally melted, the high viscosity 
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at that temperature prevented satisfactory fining in reasonable time 
periods. This composition was, therefore, not used for further study. 
The second composition, namely 53 percent Si02 , 19 percent Al203, 
15 percent MgO, and 13 percent Li20 was found to be sufficiently fluid 
at 1450° C. to reach apparent homogeneity in fairly short time periods 
(approximately 2 hours). Although it did have a tendency to erode cru-
cibles quite rapidly, Kyanite crucibles seemed to be fairly satisfactory 
for melting. This composition had several things in its favor as far as 
being able to see changes (such as droplet separation, etc.) by ordinary 
light microscopy methods, as discussed in the literature survey. 
D. Preliminary Heat-Treatment Results 
The first heat-treatment given the small sections described in 
the procedure (after the 96 hours at 595° C. treatment which was given 
to all specimens) was 625° C. for 30 minutes, after the procedure of 
35 Ohlberg, et. al. The glass didn't seem to be nucleated sufficiently 
from this treatment, as reported by Ohlberg, so a group of samples were 
heated to 625° C and one was taken out every few hours to determine a 
suitable schedule for droplet formation. It was found that the samples 
would have to be treated at 625° C. in excess of 50 hours for large, clear 
droplets to be reasonably plentiful, although octahedral crystals also 
formed during this process. The samples were opaque at this point. Some 
of these samples were later completely crystallized at 700° C. for 3 hours. 
In addition to those small samples, a larger rod (3 /8-inch in diam-
eter by 2-1/2 inches long) was placed in an alumina boat and heated to 
750° C. for 3 hours and cooled. This sample was completely crystallized 
but showed very unusual growth appendages protruding from the side of the 
rod. Also, the surface of the rod, although still possessing its smooth 
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appearance (with the exception of the appendaged portions), had peaks 
and valleys in a wave-like manner around its surface. Further discussion 
of this phenomenon will appear later in this report. 
E. Mold Selection 
The carbon molds did not produce the smooth surfaces that the 
steel molds were capable of producing, but proved to be the most satis-
factory considering all the desired features of glass rods, i.e., homo-
geneity, smooth surface, uniform diameter, absence of cracks and bubbles, 
etc. 
F. Nonheat-Treated Specimen Strength Results 
The results of breaking the nonheat-treated specimens appear on 
Table IV. The stresses were calculated from equation (9) and the stand-
ard deviation from Std. Dev. (Xi-i) 2 using the LGP-30 digital 
~--...;;;.. 
n 
computer, with a floating-point program for the former and a fixed-point 
program for the latter. 
It can be seen that the tensile stress required to break these speci-
mens was somewhat lower than that required for the commercial glasses. 
The products remaining after breaking also differed from those of the 
commercial glasses (see Figure 15). Note that the manner of fracture is 
nearly identical to that observed on porcelain cylinders and described 
by Moore (Figure 10). It will also be noted that the stress values ob-
tained for the glass under study are near the values obtained by Moore 
for porcelain. These lower values themselves can account for the breaking 
into large fragments as has been previously explained. 
Several factors may be involved in the reason for the apparent lower 
tensile strength of this glass as compared to the other glasses studied. 
For one, the carbon molds did not leave as smooth a surface on these 
TABLE IV 
Strength Data for Nonheat-Treated Glass Cylinders* 
Length Diameter Load Tensile 
stress (inches) (inches) (pounds) (psi) 
.406 .433 1,600 5,794 
.403 .432 2,200 8,045 
.397 .431 1,600 5,953 
.403 .435 1,300 4, 721 
.399 .434 1,550 5,698 
.396 .436 1,350 4,978 
.384 .435 1,350 5,145 
.398 .433 1,550 5, 726 
.390 .434 1,750 6,582 
.413 .435 1,800 6,378 
.403 .434 1,450 5,278 
.396 .432 1,600 5,954 
.414 .430 2,300 8,225 
.400 .435 1,800 6,586 
.400 .433 1,850 6,800 
.403 .432 1,200 4,388 
.382 .435 1,500 5,746 
.413 .432 1,800 6,432 
.396 .435 2,100 7,761 
.397 .435 1,800 6,635 
.419 .434 1,800 6,302 
.398 .431 1,550 5,752 
.382 .435 1,750 6,704 
.394 .433 1,850 6,903 
.382 .433 1,750 6,735 
.378 .434 2,000 7,761 
.386 .432 2,200 8,399 
.399 .434 1,600 5,882 
.384 .434 1,450 5,539 
.395 .433 1,000 3, 722 
.406 .435 1,800 6,488 
.396 .431 2,100 7,833 
.383 .430 2,100 8,118 
.398 .434 1,300 4, 791 
*Composition of cylinders - 53% Si02, 19% Al203, 
15% MgO, 13% Li20. 
Std. Dev. = 1139 ~ 18.4% X 
X= 6286.7 psi 
R = 4677 
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Figure 15. Nonheat-treated Si02-Al203-MgO-Li20 
glass cylinder after breaking by the diametral 
loading technique, shown with loading strips. 
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cylinders as the fire-polished surface on the connnercial glass. In 
order for the diametral loading technique theory to hold, the specimens 
must be loaded evenly along a diametral plane. A rough surface may 
cause deviations from the theoretical stress pattern and give birth to 
extreme stress concentrations in localized regions leading to premature 
failure. It is suspected that the homogeneity of this glass may not be 
optimum. This factor, too, could cause the stress pattern to deviate 
from ideality. 
G. Results of Heat-Treating 
The samples heat-treated to point 1.0 (Figure 14) were very slightly 
milky. The surface of these specimens had a wave-like appearance with 
peaks and valleys as seen on the rod in the preliminary heat-treatment 
study. The 1.05 and 1.1 heat-treatment samples were even more milky (but 
still transparent) and the wave-like surface was even more pronounced. 
The 1.1 specimens were partially transparent and partially opaque. All 
other heat-treatments produced specimens which were not transparent at 
all. The specimens with the 2.0 heat-treatment had a greenish-white 
opaque appearance. 
As heat-treatment of the specimens proceeded to higher temperatures 
the specimens went from a greenish-white, opaque to a solid·-white crystal-
line appearance. Figure 16 shows specimens at various heat-treatment 
stages. The wave-like appearance can be seen on all but the nonheat-
treated cylinder. The bright spot on the nonheat-treated specimen is a 
chip, making this particular specimen ineligible for strength tests. lt 
can be seen from Figure 14 that the heat-treatments "branched" into two 
sections. One section utilized only the preliminary heat-treatment used 
by Ohlberg (595° for 96 hours). This is designated as the l.x heat-
treatment series on Figure 14 (where x indicates the maximum holding 
Nonheat-treated 1.0 2.0 2.4 
Figure 16. Glass-ceramic cylinders at four different stages of 
heat-treatment. (See Figure 14.) 
~·· " 
•• • 
• • • 
Figure 17. Glass-ceramic cylinders from two different branches 
of the heat-treatment schedule (Figure 14) . (Treatments 1.4 





temperature). The other section added an additional "nucleation treat-
ment" of 625° C. for 58 hours. This is designated as the 2.x series on 
Figure 14. Subsequent treatments along these two branches were nearly 
identical. 
The crystallization behavior at the higher temperatures of these 
two branches was strikingly different. An example of this difference is 
illustrated on Figure 17. The top set of specimens was from the 1. 2 
heat-treatment, and the bottom set from the 2.2 heat-treatment. The 
peculiar growth appendage mentioned in the preliminary heat-treatment 
study can be seen as it again appeared here in the 1.2 specimens. Note 
also the extreme degree of "wave-like", "peak and valley" surface in the 
1.2 specimens, also mentioned in previous work. An identically similar 
picture could have been taken of the 1.4 and 2.4 specimens. For this 
reason the need for a 1.3 heat-treatment was decided to be unnecessary 
and was not done and, therefore, does not appear in Figure 14. It will 
be noted that these growth appendages always grew from the bottom of the 
specimen, i.e., the face which was in contact with the platinum sheet in 
the furnace. In the preliminary study of heat-treatment the rod from 
which the first appendage grew was not in contact with platinum but was 
touching the alumina boat on the side of the rod where the appendage grew. 
Further examination of the rod and boat used in that study showed that 
growths had occurred all along the bottom of the rod where the rod was 
touching the boat. 
It appears from these observations that two things effect the anom-
alous growth behavior seen here. First, and apparently most important, 
is the degree of nucleation that has taken place, due to prior treat-
ment prior to heating the specimen above 650° C. Second is the contact 
of the specimen with other materials. To iterate, if insufficient 
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nucleation has taken place, anomalous external appendages will appear 
at points of contact with other material, as in heat-treatments 1.2 and 
1.4 (Figure 17). On the other hand, when the specimen is well-nucleated 
prior to higher temperature treatment, no anomalous growth appendages 
occur, regardless of contact with other materials, 
Tables V and VI show the results of the strength tests of the heat-
treated specimens. It can be seen from Table V that the maximum strength 
in the 1.0 heat-treatment series (see Figure 14) was more than double 
that of the maximum strength of an untreated specimen (Table IV) .. The 
average strength value was 50 percent greater than the average of the 
untreated specimens. Figure 18 shows the average strengths of all speci-
mens as a function of heat-treatment temperature. The numbers at the 
experimental points correspond to the points on the heat-treatment sched-
ule. Even though the strength increased up to the 1.0 point, it sharply 
decreased on further treatment on both branches of the heat-treatment 
schedule. The specimens from the l.x branch of the schedule lost their 
strength entirely as the appendage growth occurred (points 1.2 and 1.4, 
Figure 18). This growth left these specimens very porous and, therefore, 
weak. The specimens from the 2.x branch of the heat-treatment schedule, 
however, increased in strength at the higher temperature levels (points 
2.3 and 2.4 of Figure 18). This rise apparently corresponds to the final 
stages of crystallization, but the weakening effect of the 2.0 and 2.1 
stages of treatment were so great that the final strength didn't reach 
the original strength of the glass. 
H. Results of Observations Through Thin-Sections of !_he Glass-Ceramic 
Cylinders ~ ~ Res~arch Petrographic Mi~£~ 
The various stages of droplet and crystal growth were studied by 



























*See Figure 14. 
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Strength of Heat-Treated Samples 
Treatment Length Diameter Load Stress 
No. (in.) (in.) (lbs.) (psi) 
1.05 .422 .435 2,750 9,530 
1.1 .420 .435 950 3,310 
1.2 .405 .435 0.00 0.00 
1.4 .410 .438 0.00 0.00 
.420 .438 480 1,660 
.430 .436 440 1,490 
2.0 .387 .438 350 1,310 
.385 .438 450 1,690 
.405 .437 860 3,090 
X = 1, 848 psi R = 1, 780 
2.1 .412 .438 400 1,410 
.393 .440 950 3,500 
2.3 .420 .434 670 2,340 
-X= 2,920 psi R == 1,160 
.395 .436 1,400 5,180 
2.4 .406 .438 1,230 4,400 
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light, usually gray circles with a black optic cross in the center. They 
show no birefringe like near-by crystals. These optic crosses remained 
stationary with respect to the cross-hairs of the microscope, upon rota·· 
tion of the stage, as described by Dayton. 51 This phenomenon is usually 
associated with looking down the optic axis of uniaxial crystals. Dayton's 
explanation of the theory of the formation of these crosses is, clearly, 
evidence of the spherical and glassy nature of the droplets (see Appendix 
D)o Figure 19 shows a photomicrograph of a section of the glass-ceramic 
that had been heat-treated to point 1.0. This picture shows several dif-
ferent aspects of the devitrification process. The conunon surface nuclea-
tion and crystalli~ation is illustrated by the string of crystals running 
along the bottom of the picture. A droplet is seen next to the surface 
in the lower part of the picture. Just to the right of center is a bire-
fringent octahedron. To the extreme left is seen an octahedron twin. A 
closer view of this picture is seen in Figure 20. The dark line running 
through the octahedron is a crack that was seen easily under uncrossed 
nicols. The crack seemed to be associated in part with this crystal. 
Between the droplet and the octahedron is seen a more'disorderly 
form of crystallization. More of this variety of the nucleation and 
crystallization process is seen in Figure 21, where droplets can be seen 
in various stages of crystallization. 
Two different mechanisms in which droplets serve as nuclei for crys·· 
tallization are seen in Figure 22. First, concerning the amorphous drop-
let on the right, crystallization was initiated at the glass .. droplet -
glass-matrix interface; the droplet served as a nucleus, crystallizing 
the matrix while remaining glassy itself. The crystalline phase around 
the droplet is highly birefringent, while the droplet is still gray. 
Figure 19 . Photomicrograph of a glass-ceramic specimen heat -
treated according to point 1.0 (Figure 14) viewed with trans -
mitted light under crossed nicols . 16X 
Figure 20. Photomicrograph of a glass-ceramic specimen heat-
treated according to point 1 . 0 (Figure 14) viewed with trans-
mitted light under crossed nicols. 54X 
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Figure 21. Photomicrograph of a glass-ceramic specimen heat -
treated according to point 1.05 (Figure 14) viewed with trans -
mitted light under crossed nicols. 20X 
Figure 22. Photomicrograph of a glass-ceramic specimen heat-
treated according to point 1.1 (Figure 14) viewed with trans-
mitted light under crossed nicols. 20X 
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Second, concerning the droplet in the second quadrant center, this drop-
let has undergone crystallization itself; then, acting as the nucleus, 
it served to crystallize the surrounding matrix. The remanent cross can 
still be seen indicating this originally was a droplet. This is an 
35 
example of a phenomenon also observed by Ohlberg where the droplet 
crystallized from the glass-glass interface, radially inward, and then 
acted as a nucleus for the matrix. Droplets in more detailed steps of 
this process were observed but all steps could not be photographed. 
The case first mentioned in the discussion of Figure 22 was not 
mentioned in Ohlberg's study of this system and is of particular inter-
est here. Figure 23 is a picture of these glassy droplets still existing 
at further heat-treatment stages. They appeared gray in an essentially 
crystalline matrix which displayed the usual birefringence. The same 
view with uncrossed nicols is seen in Figure 24. Here the droplets 
appear as clear circles in colored surroundings. The circles in the 
upper right-hand corner are bubbles in the balsam. Note the extensive 
cracking in the matrix. It can easily be seen why the 2.0 heat-treatment 
specimens were so low in strength (Figure 18). Closer views of these 
droplets are shown in Figures 25 and 26, with still greater magnification 
shown in Figures 27 and 28. The spherical and amorphous nature of these 
droplets, and their crystalline surroundings may be clearly visualized in 
these photographs. 
The second case seen on Figure 22 can also still be seen after fur-
ther heat-treatment. Figures 29 and 30 show examples of this case. In 
the upper left-hand corner of Figure 29 is a droplet which appears, judg-
ing from its shape, to have crystallized while the matrix was still glassy. 
In the upper right-hand corner of Figure 30 is a crystallized droplet which 
Figure 23. Photomicrograph of a glass - ceramic specimen heat ··· 
treated according to point 2 . 0 (Figure 14) viewed with trans -
mitted light under crossed nicols . 16X 
Figure 24. Photomicrograph of a glass-ceramic specimen heat-
treated according to point 2 . 0 (Figure 14) viewed with trans-
mitted light under uncrossed nicols. 16X 
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Figure 25. Photomicrograph of a glass-ceramic specimen heat-
treated according to point 2.0 (Figure 14) viewed with trans -
mitted light under crossed nicols. 54X 
Figure 26. Photomicrograph of a glass -ceramic specimen heat-
treated according to point 2.0 (Figure 14) viewed with trans-
mitted light under uncrossed nicols. 54X 
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Figure 27. Photomicrograph of a glass-ceramic specimen heat -
treated according to point 2 . 0 (Figure 14) viewed with trans-
mitted light under crossed nicols o 300X 
Figure 28. Photomicrograph of a glass-ceramic specimen heat-
treated according to point 2 . 0 (Figure 14) viewed with trans-
mitted light under uncrossed nicols . 300X 
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Figure 29. Photomicrograph ~fa glass-ceramic specimen heat~ 
treated according to point 2 . 0 (Figure 14) viewed with trans-
mitted light under crossed nicols. 39X 
Figure 30 . Photomicrograph of a glass-ceramic specimen heat-
treated according to point 2 . 1 (Figure 14) viewed with trans-
mitted light under crossed nicols. 37X 
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remained glassy slightly longer (note its more spherical shape). Another 
example of this can be seen in the first quadrant near the center in 
Figure 29. The droplet in the upper left-hand corner of Figure 30 
appears to have remained glassy until nearly complete crystallization 
of the matrix had occurred. 
35 Both of these cases illustrate and support Ohlberg's new theory 
of spherulite growth, as previously discussed. The classical theory as 
52 discussed by Morse and Donnay may also be supported in this study. 
Reference to the large structure in Figure 22 is made. Said Morse, et. 
al., "The first idea that naturally comes to mind is that a spherulite 
must grow by simultaneous crystallization of fibers radiating from a 
common center in all directions with equal speed." The large structure 
referred to appears to be formed by a mechanism allied to the one Morse 
described. Both mechanisms may be possible and may even occur side by 
side in the same sample. 
Figure 31 shows the glass-ceramic near complete crystallization 
with crystallized droplets still visible but more difficult to distin-
guish. The cracks are still widespread but look somewhat "healed", 
No thin-sections (or polished sections) were made of the 1,2 or 
1.4 specimens because of their high porosity and crumbly nature. 
l. Observations of Polished Specimens !2,y Reflected-Light Microscopy 
The metallograph was of great value in seeing the cause of cracking 
and the resulting weakness in the glass-ceramic cylinders. lt also pro-
vided further enlightenment as to the nature of the crystalline phases 
which developed. 
Even after the most preliminary heat-treatment, where the strength 
values were the highest, cracks can be seen initiating from octahedra 
and droplets (see Figure 32). The stress of the nucleation and growth 
Figure 31 . Photomicrograph of a glass -
ceramic specimen heat- treated according to 
point 2 . 3 (Figure 14), viewed with trans -
mitted light under uncrossed nicols . 27X 
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Figure 32 . Photomicrograph of a glass -ceramic 
specimen heat- treated according to point 1 . 0 
(Figure 14) viewed with reflected l ight under 
uncrossed nicols . 305X 
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process evidently was great enough to propagate flaws (whether at the 
interfaces or elsewhere) into visible cracks. The droplets seen here 
were probably crystalline since they were preferentially etched as were 
the other crystalline phases. Further heat-treated samples showed the 
cracks extending to link ccystals together forming a crack network 
(see Figure 33). 
The white areas are regions of high stress. Of interest also are 
the hexagonal crystals co-existing with the familiar octahedra in the 
glassy matrix. Figure 34 is a view of the same area using polarized 
light and focused below the polished surface. High birefringence is seen 
along the crack8. Other large crystals are made visible that were not 
visible on the surface, and appear as light, ghost-like octahedrons.. The 
pinacoidal crystals radiating inward from the surface can be seen on 
Figure 35. Cracks connecting these crystals to a large distorted octa· 
hedron can be seen. From the other branch of the heat-treatment schedule 
a more nearly crystallized sample can be viewed (Figure 36) The only 
glassy regions left are the large white "islands" shownc It is interest-
ing to see crystallization proceeding inward from the major cracks. Note 
that the well-defined crystalline forms visible in the glass are hexa· 
gonal. This crystalline habit seems to have replaced the octahedrons of 
the lower temperatures. A closer view of the same surface is seen in 
Figure 37. 
Some very small glass droplets were made visible through the re-
flected light technique that could not be seen by transmitted light. 
Careful inspection of Figure 38 shows a small ring of white "dots" near 
the specimen surface, close to a surface crack. A closer view of these 
dots is revealing, for in Figure 39 the dots are seen to be very small 
Figure 33 . Photomicrograph of a glass-ceramic specimen heat -
treated according to point 1 . 05 (Figure 14) viewed with re -
flected light under uncrossed nicols . 170X 
Figure 34 . Photomicrograph of a glass - ceramic specimen heat-
treated according to point 1 . 05 (Figure 14) viewed with re -
flected light under crossed nicols . 170X 
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Figure 35 . Photomicrograph of a glass-ceramic 
specimen heat- treated according to point 1 . 1 
(Figure 14) viewed with reflected light under 
uncrossed nicols . 148X 
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Figure 36 . Photomicrograph of a glass - ceramic specimen heat -
treated according to point 2.1 (Figure 14) viewed with re ~ 
fleeted light under uncrossed nicols o 60X 
Figure 37. Photomicrograph of a glass - ceramic specimen heat-
treated according to point 2 . 1 (Figure 14) viewed with re -
flected light under uncrossed nicols. 970X 
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Figure 38 . Photomicrograph of a glass - ceramic s pec imen heat-
treated according to point 2 . 0 (Figure 14) viewed with re -
flected light under crossed n i cols . 72X 
Figure 39 . Photomicrograph of a glass-ceramic specimen heat-
treated according to point 2. 0 (Figure 14) viewed with re -
flected light under crossed nicols . llOOX 
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glass droplets complete with optic crosses still existing in the crystal-
line phase. It would be interesting to know the cause of the ring It 
looks as if it may have been a larger droplet at lower heat-treatment 
stages. 
Figure 40 shows a crack extending inward from the surface. These 
large cracks were seen on specimens which had been heat-treated less than 
the specimen in this figure. They appeared to have been getting smaller 
as the treatment went to higher temperatures. 
X-ray diffraction analysis identified no crystalline phases existing 
in the 1.0 powdered specimen" A broad, diffuse peak indicative of glass 
was all that was seen on the pattern. The patterns for the 2.1 and 2 3 
specimens were qualitatively identical. They corresponded to the data 
given by Roy, et. al., 53 for B-spodumene (negative) These data could 
not be found elsewhere and are given in Appendix E B-spodumene has been 
assumed to have a tetragonal crystal habit on the basis of the "ditetra· 
gonal dipyramids" formed above 500" C .. by Hatch 54 and Roy, et al , 55 
but, as yet, it has not been indexed on the basis of the tetragonal sys-
56 tern. Gruner suggested 'that 6-spodumene has a quartz derivative struc-
ture like 6-eucryptite. This indicates that 6-spodumene is hexagonal 
If it is, in fact, hexagonal the photomicrographs indicate that in this 
study a polymorphic phase change takes place in the phase at higher 
temperatures to its more stable form 
35 Ohlberg identified a "silica-0" phase at the lower heat·treatmenl 
temperatures of his work by X-ray diffraction. Silica-o45 refers to a 
family of phases and is the end member of a series based on the 6-eucryptite 
structure. This phase was not identified in this study 
Figure 40 . Photomicrograph of a glass-ceramic 
specimen heat~treated according to point 2 . 3 
(Figure 14) viewed with reflected light under 
crossed nicols . 170X 
83 
84 
The spectrograph merely identified the metal elements Si, Al, Mg, 
and LL 
K. Dilatometer Test Results 
Further insight into the nature of the glass-ceramic material at 
the various heat-treatment stages can be gained from Figure 41. 1he 
ordinate on this figure is arbitrary for each curve in order that the 
curves may be distinguished from each other. This information is valu· 
able in setting up heat-treating schedules to avoid deformation of 
specimens by too-rapid heating. These samples from the 1 .x series all 
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V. SUMMARY AND CONCLUSIONS 
The following conclusions were made from the results of this 
study: 
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l, Insight was gained into the anomalous growth behavior producing 
appendages which protruded from the main body of the glass-ceramic speci-
men. It was found that these appendages were not a function of the maxi· 
mum heat-treatment temperature but rather of the preliminary, low-
temperature, nucleation portion of the heat-treatment process, When 
specimens were insufficiently nucleated these anomalous externa 1 appe_nd ·· 
ages occurred, apparently initiating at those areas which were in contact 
with other material. Well-nucleated specimens showed no su:::h growth at 
the identical higher heat-treatment temperatures 
Further investigation should now be made of these appendage~ and 
the factors concerning their initiation and growth should be more pre· 
cisely determined, 
2. The strength of the glass-ceramic specimens was found to in· 
crease after the most preliminary stage of heat-treatment, but subsequent 
treatment caused a great decrease in strength. Although the considerable 
initial increase is not completely understood, the sharp decrease was 
concluded to be due to an extensive crack network which was set up by 
the nucleation and growth of crystalline octahedra and glass droplets, 
some of which crystallized. 
The more thoroughly nucleated specimens then exhibited a trend 
toward increasing in strength at the higher heat·trealment temperatures 
as the final stages of crystallization were approached This was appar~ 
ently due to the healing effect of a sintering process in operation at 
the higher temperatures. 
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The less thoroughly nucleated specimens, on the other hand, contin-
ued to decrease until their strength vanished. It was concluded that 
this was due to the high porosity of the specimens resulting from the 
anomalous appendage growth carrying a good deal of the material from the 
inside of the specimen out with it. 
3. The crystallization of the glass studied was found to proceed 
through three discreet mechanisms. Each of these mechanisms could be 
clearly seen in operation by the techniques of microscopy. First, the 
more common phenomenon of surface nucleation and consequent crystalliza-
tion was observed from the earliest stages of heat-treatment. These 
nuclei grew as pinacoidal crystals radiating inward. After the crack 
network was set up creating new surfaces, this type of pinacoidal, 
surface-nucleated crystals was again observed growing inward from and 
perpendicular to the cracks. Second, internally nucleated glass·in-glass 
droplets could be seen even from the most preliminary of heat-treatments. 
Conclusive evidence of the important role played by those droplets in the 
crystallization process was recorded on photomicrographs Third, intern· 
ally nucleated, well-developed crystals, existing as octahedra in the 
primitive stages of heat-treatment and possessing hexagonal crystalline 
habit in the advanced stages were observed. 
Of particular significance is the fact that none of these mechanisms 
seemed to play a dominant role in the nucleation and crystallization pro-
cessess. Each seemed, however, to play an important role in the crystal-
lization of the specimens and in their strength behavior at each stage 
of development. 
4. The optional crystallization characteristics exhibited by the 
glass-droplets are worthy of note. Some droplets could choose to crystal· 
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li.ze and then choose to act as nuclei for crystallizing the matrix glass 
or r-emain isolated and let the matrix crystallize by other means; other 
droplets could choose to remain amorphous and then act as nuclei to crys· 
tall ize the rna trix or 1 et the matrix crystallize independently while 
they still maintained their amorphous character. The factors which con-
trol the "choices" made by these droplets would be interesting for 
future work. 
5. Evidence which served as the bases for both theories of spheru· 
lite growth was given. 
6. Nucleation-induced stresses which increased during the growth 
of the nuclei to the point of initiating visible cracks were an Important 
observation of this report. These and other stresses seemed to contrib 
ute to further nucleation. 
It would be of interest to study further these phenomena of nu(leat1on· 
induced stress and stress-induced nucleation in this system, and correlate 
the results with similar studies on other systems. 
7. The ~-spodumene phase observed in this study was seen to undErgo 
a polymorphic phase transformation from the tetragonal to the hexagona 1 
crystal systems. 
8., Extremely small (1 - 4r.t) glass droplets existing at h1gher heat· 
treatment temperatures in an otherwise crystalline specimen were ob-;Erved 
These haven't been reported before in this system and would be an intErEst· 
ing area of future study. 
ln addition to those already mentioned, the following recommendat1on-, 
are made for future study: 
1. The crystal system of [3-spodumene should be identified from the. 
published, X-ray diffraction data. 
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2" A study should be made of the exact stage of nuclei and crystal 
development in which cracks begin to appear at given hea t·-trea tment rate.:, 
and temperatures. This might be done using sonic means by measuring the 
damping coefficients of the material. 
3. The substantial increase in strength of the specimens studied 
in this report on preliminary heat-treatment was not expal ined here in .. 
Although other studies on glass···ceramics have shown an increase in 
strength on crystallization, no strength increase has been reported at 
such an early stage in the heat-treatment process. Investigation in 
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SUMMARY OF STATISTICAL THEORIES OF FRACTURE 
The following is a summary of statistical theories of fracture 
. 10 11 taken from the work of Epste1n ' 
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(1) Let the underlying probability distribution of flaw strengths 
s be ~' so that the probability that the strength of a given flaw 
lies between s 1 and s 2 is ~2 f(s)ds . 
(2) The associated cumulative distribution, giving the probability 
that the strength of a given flaw is less than ~' then is 
F(s) = J,...s f(s) ds . 
-oo 
(3) The probability distribution of the strength of a sample c on-
[ ] n-1 taining £ flaws then is gn(s) = nf(s) 1 - F ( s) , for which, 
(4) The associated cumulative distribution function is 
,... 
G (s) =js g (s)ds = 1- (1 - F(s )]n . n n 
-oo 
(5) (When n is sufficiently large, the probabil ity distr i buti on of 
the strength of a sample containing ll flaws simplifies to gn(s ) s::::s nfe ~nF , 
-nF and the cumulative distribution to Gn(s ) ~ 1 - e , where f and F s tand 
for f(s) and F(s) . ) 
(6) The most probable strength of a sample containing ll fl aws cor -
responds to the maximum of gn(s) . I t is Sn* in the relationship, 
(n-l)[ f(S *) ]2 = f'(S *) [ 1 - F( S *) ] n n n 
(7) Most statistical theories of fracture differ fr~m one another 
only in the form of the distribution function f(s ) that is assumed. 
On the basis of Epstein's treatment, it is convenient to classify 
statistical theories of fracture according to the various s orts of dis -
tribution laws f(s) that are assumed to relate the probabil i ty of 
failure of a flaw to the stress . 
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(1) Weibu11 57 andmore recently Greet1e58 assume f(s) = ksm. When 
m their data cannot be fit with so simple a law, Weibull used f(s) = k(s - s 0 ) , 
oo m· 
and Greene uses f(s) = Z ikis 1 Weibull fits the experimental fracture 
i=o 
strengths of glazed _porcelain, portland cement, Indian cotton fibers, 
cotton yarn, cotton fabric strips, green spruce, a mixture of stearic 
acid and plaster of Paris, aluminum die castings, malleable iron cast-
ings, and valve spring wire. Greene fits the strengths of glass samples 
of various sizes. 
59 (2) Kontorova does not assume a form of f(s) directly but instead 
says that the important flaws are cracks that fail according to Griffith's 
-1/2 formula, s = Ac (s is the fracture stress, A a constant, c the crack 
diameter). The crack sizes are assumed to be distributed according to 
2 
the probability law p(c)~e-~(c-co) • 
60 ( ) 2 (3) Frenkel and Kontorova assume f(s)~e-a s-so • 
61 (4) Fisher and Hollomon assume that the important flaws are 
cracks that respond to stress according to Griffith's formula, and that 
the crack diameters are distributed according to the probability law 
-A.c p(c) = A.e , with A. a constant . For hydrostat i c tens ion, the corres-
3 -s 2js2 ponding f(s) is f(s) = (2s 0 2 /s )e 0 , with s 0 a constant; and for 
other stress combinations f(s) is a more complicated funct i on . These 
workers fit the strengths of glass samples of various siz es . 
62 (5) Kase assumes that the important flaws are cracks, but that 
the tensile stress is reduced by a flaw of area A according to the 
equations = s 0 (1-aA), where s 0 and a are constants . Assuming the flaw 
- A.A areas to be distr i bute d according to the law f(A) = A.e , he obtains 
~(s -s*) 
-e F(s) = d , with ~ and s* constants, as the cumulative distr i bu-
tfot\ law for the strength o·f samples containing many flaws, and fits 
th:e \experimental data for samples of rubber . 
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Different as these several forms of f(s) may be, they all can be 
made to fit at least a portion of the experimental data . They all pre -
dict that larger samples will be weaker, and that the distributions of 
fracture stresses will be skewed toward smaller stresses, as is observed. 
These observations do not enable the selection of any one of the pro -
posed forms of f(s) as most nearly correct, but they do suggest that the 







DERIVATION OF STRESSES IN A DIAMETRALLY LOADED CYLINDER 
A. Introduction 
A new test has been introduced by Fernando Carneiro22 of Brazil, 
in which a compressive load is applied to a cylinder along two opposite 
generators. This condition sets up a uniform tensile stress over the 
diametral plane containing the applied load, and fracture occurs along 
this plane. The test is carried out in a compression testing machine, 
strips of packing material normally being placed between the specimen 
and the platens of the machine . An attractive feature of the tes t i s 
that it enables similar specimens, and the same testing machine, to be 
used for both tensile and compressive strength tests . 
B. The Distribution of Stress in ~ Diametrally Loaded Disc 
. 63 64 It has been shown by mathematical analysLs ' that a compressive 
load applied perpendicularly to the axis of a cylinder and in a diametral 
plane gives rise to a uniform tensile stress over that plane . A simpli -
64 fied treatment of this problem as described by Frocht is given below . 
The theory is based on two fundamental conditions of stress dis tribution, 
which can both be deduced by mathematical analysis . 
The first basic stress distribution is that due to a concentrate d 
force P (Figure 42) acting on the edge of a plate of thickness t bounded 
by one straight edge but otherwise unlimi ted in extent . Assuming the 
material to obey Hooke's law that stress is proportional to strain, and 
assuming a condition of plane stress (i . e . , no stresses perpendicular 
to the plane of the plate), the stress components on the element shown 
are: 
p 
Figure 42. Stresses in a plate due to a concentrated load P1 applied to an edge . 
Figure 43. Stresses in a disc due to a uniform radial 
pressure P . 
10 1 
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radial stress, towards the point of application 2P e cos 
err = of the load 7rt r 
circumfierential stress, perpendicular to err ere = 0 
shear stress 
"'re = 0 
Thus a concentrated load gives rise to a radial compression which 
decreases as r increases and as e increases. 
The second basic stress distribution is that in a circular disc 
subjected to a uniform pressure p round the edge (Figure 43). Mak ing 
the same assumptions as previously, the stress in any d irection and at 
any point is equal to the applied pressure p, and there is no shear . 
ere = p 
'tre = 0 
In Figure 44 is shown a c i rcular disc subjected to a concentr ate d 
load P, the disc b e ing conside r e d as part o f the plate 
At any p oint on t h e 
towards 0, and, from 
Therefor e , 
cir cumferenc e t h ere 
the geometry o f the 
er = 2P 1. 
r 1rt d 
is 2P a s tress -7rt 
f i gure, r/d = 





Let the circular area be removed from the plate (Figure 45) and 
such stresses, q, be applied to the circumference as will maintain the 
same conditions of stress within the disc ; i . e., let stresses be applied 
exactly equal to those exerted by the surrounding area of the plate . 
Considering the equilibrium of tqe element ABC, 
Therefore 
2p BC = qAC 7rtd 




Figure 44 . Stress at the circumferenc e of a circular 
area of the plate shown in Figure 42 . 
p 
Figure 45. A disc subjected to the same loading as the 
circular area of the plate in Figure 44 . 
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There are no forces in the direction BC . The stress at any point within 
h d . . . 11 2P case t e ~sc ~s st~ - ---7rt r 
The conditions would be similar if the force P acted on the bottom 
of the disc, and, therefore, upon the system of stresses already described, 
a similar system inverted may be superimposed (Figure 46) . We now have a 
disc subjected to two opposite forces P acting along a diameter, and two 
f · h · f f · d ZP r 1 sets o stresses, act~ng on t e c~rcum erence, o magnLtu e 7rtd d a ong 
2P rL AO and 7rtd ~along AOL• These two external stresses are proportional 
to AO and AOL and may therefore be represented by these lines in a paral -
2P 
- -- which is 7rtd ' 
lelogram of stresses. The resultant is clearly AB con-
stant and passes through the center . Thus the two systems together are 
2P equivalent to a uniform radial compression of magnitude 7rtd 
within the disc is now subject to two radial stresses . 
Any element 
2P Let us now superimpose a uniform radial tension of magnitude 7rtd 
acting on the circumference of the disc. The resultant distributed loads 
now vanish, and we are left with the conditions of the problem; i . e . , a 
disc subjected to two opposite forces acting along a diameter (Figure 47 . 
2P Also, this uniform tension gives rise to a tensile stress -d at all 7ft 
points in the disc and in any dire ction . Any e l ement A is therefore sub -
2P case d 2P case ject to the two compressive stress components an - ----- a s 7rt r 7rt r ' 
2P indicated, and a tensile stre ss --d in all directions . The exact s tresses 7ft 
at any point can thus be calculated r ead i l y . I n particular, on the verti-
cal diameter, 
Thus the v e rtical stress component ( c ompressive) 
2P 1 2P 1 2P 
= + 7rt r 7rt d - r 7rtd 
2P (£. + d 




Figure 46 . Two s e ts of forc es supe rimpos e d . 
p 
Figure 47. Disc subjected to two concentrated forces onl y. 
and the horizontal stress component (tensile) 
2P ~ = 
nd 
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By considering a cylinder of concrete as a number of such discs, 
we see that a uniform tensile stress is developed over the vertical 
2 p diametral plane, and the value of this stress is ~ DL where D and L are 
the diameter and length of the cylinder. 
APPENDI X C 
.un.u.c 
INVESTIGATION .OP TYPES 0~ GLASS MOLDS 
POll STUDY ON GLASS -CEIAMI.CS 
A.. Steel Molds 
108 
A cylindrical steel mold was machined 4 inches long and 2 inches 
in diameter with a 5/S•inch hole in the center. The hole was drilled, 
reamed, and honed until a very smooth, shiny surface was produced on 
the walls of the hole. 
After melting and fining the glass in one furnace, the steel mold, 
set on a steel plate, was placed in another furnace preheated to 500° c., 
and allowed to heat to that temperature (about 10 minutes). The mold 
was then removed from the furnace and the melted glass was poured into 
it. Then the mold was placed back in the 500° C. furnace, the glass rod 
was pushed out with a fused silica rod, and the mold was taken out for 
another pouring. In order to eliminate trapping bubbles in the glass 
while pouring, rods were poured in the mold while it was at angles rang-
ing from straight up, standing on its end (90°) to lying nearly flat, on 
its side (o•). Por pourings to be possible at low angles either a plati• 
num spout had to be fitted in the end of the mold or a notch (half of 
the mold cut away along a diameter for 3/4~inch to 1 inch along its length) 
had to be machined in the mold at one end. Various mold lengths and pour-
ing speeds were also tried in order to find a successful method of pro-
ducing smooth, bubble-free glass rods which would consistently release 
from the mold and would not experience thermal cracking. 
The steel molds created a very smooth-surfaced cylinder, but several 
drawbacks prevented their use for this study. Por reasons not 
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pour the fined, molten 
glass into the steel molds.without trapping air bubbles in the glass as 
it solidified. ':', The best results with steel molds, ip. this respect, were 
obtained when the mold was lying at a very low angle, but the bubbles 
still could not consistently be eliminated. 
Another major drawback of the steel molds was that, notwithstanding 
the precautions taken to avoid thermal shocking and cracking the cooling 
glass rod, this did occur frequently. When the glass rod cracks in the 
steel mold, it expands and is so tight in the mold that it cannot be 
taken out except by the tedious and mold-damaging process of beating it 
out with a hammer and steel rod. This process scars the inside surface 
of the mold so badly that it must be rehoned before it can be used again, 
which is not only time-consuming, but increases the size of the mold 
hole and, therefore, the diameter size of the finished glass rod. 
Making stainless-steel molds of similar design was attempted by 
the Missouri School of Mines Research Center machine shop, but proved 
unsuccessful. The reaming operation (after drilling) apparently pushed 
the hard filings into the side of the hole wall, making it impossible 
to be honed smooth. 
B. Vacuum Mold Techniques 
In an attempt to solve the trapped air bubble problem, various 
devices were devised and experimented with which would draw the glass 
up into the mold from the crucible by means of a vacuum pump and glass 
and rubber tubing. The trial molds consisted of steel and stainless-
steel tubing. 
devices which were attempted were essentially fail-
The reasons for failing to find a successful vacuum mold techni.que 
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were, perhaps, legion. Some of these causes for failure were (a) the 
• degree of vacuum could not be controlled with sufficient sensitivity to 
slowly draw the glass up to the desired point and hold it there until 
it was solid, (b) the steel tubing used did not act as a sufficient 
heat sink to draw away the heat from the melt fast enough to prevent 
the mold from "burning up" (oxidizing and melting), and (c) the level 





'ftlEOI.Y O:r OftiCAL.CaoSS AND CONCBNTI.IC CIRCLES51 
ln a discussion on oxide in copper, mention was made of the appear-
ance of a dark cross and dark concentric circles. The cross has been 
noticed in almost all of those inclusions; the rings appear less fre-
quently and are less contrasted .. 
65 Hoyt a~d Scheil nave observed this phenomenon; Figure 3 of their 
--
paper is an excellent example of a well developed pattern in a glassy 
silicate. They found that the cross remains stationary with respect to 
the cross hairs in the microscope when the stage is rotatedo In other 
words, the orientation of the inclusion does not affect the producti.on 
of the pattern .. At any rate, it would not seem possible for a glassy 
. . 
silicate to possess directional properties; any explanation of the phe-
nomenon must therefore not depend on anisotropic effects~ Hoyt and 
Scheil also find that when these round inclusions are elongated by rolli.ng 
the pattern is no longer developed. 
These facts are therefore known: (1) The phenomenon does not de-
pend upon the orientation of the inclusions; (2) isotropic substances 
such as cuprous oxide can also develop the pattern; (3) the shape of the 
inclusion is a determining factoro Globular inclusions produce the effects 
other shapes do not. Development of the theory has demonstrated that the 
cross and the concentric circles are produced by independent mechanismsa 
The formation of the cross is directly dependent upon the focusing 
effect of a spherical surface for its production. For simpli.city, a hemi.-
shape of inclusion was selected. This i.nclusion is embedded in 
of the metal, on which the microscope i.s focused. Figure 48 
r 
Figure 48 . Surfac e of hemi s pherical , transpare nt 
inclusion in surface of metal . 
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represents a view of the inclusion as it is seen from above. 0 is the 
center of the fi.gure; A representJS a point chosen at random on the sur'~ 
face and is a point under observation on the surface. It is desired to 
find where on the surface the light that illuminates A can enter~ BA is 
any ray of light reaching A and thus participa.tlng in the illum1.nation 
of that poi.nt. B is the point at whi.ch the light i.s refle<eted from the 
metal-inclusion surface,. OB i.s a normal from 0 to the point of re£1(-:,c"· 
tion. The plane of reflection is therefore OAB. As the plane of inci 
dence is always the same as the plane of reflection, the inc idEmt. ray 
also lies in the plane OAB. Therefore, whet.hE;r the 1 
one, two, or more reflections from the bottom surface of the i.nclu.ston 
the 
the 1 
of incidence and reflection ar€c a When 
t is traced backwards to the point at which i.t entered the sur~ 
face, that point is on the trace of plane OAB on the surface of the in· 
clu.si.on, the line XOX 1 • The~ only 1 that can t::ver reach A. ffiL-:\t entt:r 
along the diametE;r on which A is loca.ted ~ If the part:icular ray g had 
had only one reflection, it might have entered along the path CB. 
ln accordance with the theory of the of ell ticaUy 
ed 1 t, the azimuth angle is the angle between the planE: of 
incidence and the plane of polari.zation" If the azimuth e is 0 
or 90'~', no elliptically polar light can be formed ess of the 
St' difference introduced between the parallel and perpendicular com .. 
a reflection, because in these cases there is only one compo·· 
nent, When azimuth is 45"' ~ the maximum amount of ellipti..::: 
by any phase difference" 
If of pola:ri.zation is XOX 1 ~ the 1 ight emitted from A or 
be polarized and will be orbed by the analy~t~r" 
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A and A2 will be relatively dark . A~ , with an azimuth angle of 45 ° , 
will be relatively bright . 
Selecting points all over the surface, we find that those on XOX' 
and YOY' are dark; those between are in varying shades of lightness . 
The lightest are those at 45° to these directions . The res ult i ng f igure 
i .s the cross, which is observed . 
Any roughness of the reflecting surface result s in the part i al or 
total destruction of the effect because of the random reflect i on i n t r o ·-
duced by this roughness . In the case of a void or gas pocket, the 
roughness would be greatest because the crystallization of the meta l 
would be least interfered with . This would explain why the opti al 
cross was not observed in voids . An inclus ion that solid i fied abo ·e 
the melt ing point of the metal would result in the s moothe s t r eflecting 
surface and the greatest clearness of the cros s . Cupr i te, wh i h s ol id i. ~ 
f i e s about 200° above the melting po i nt of copper ~ g i ve s very d istinct 
opti cal crosses . An inclusion that s olid ified below the mel t :i.ng point 
of the metal would h i nder the free c rys tall ization o f the metal l e 
a nd mi ght have a roughened reflecting surfa e after reflection, re u l t -
ing in a milky appearance of the inclusion under crossed n icol '. Thi.s 
might be the cause of the effect attributed by Hoyt and Sche i l to cal -




X~RA DATA FOR ~-SPODUMENE AND ~-EUCRYPTITE* 
~ ~Spodumene ~-Spodumene ~ -Eucryptite ( positive) (negative) 
d va l ue Relative d value Relative d value Rela ti.ve Intensity_ I ntensit_y I ntensity 
4 . 60 1 4 . 52 2 4 . 55 2 
3 . 96 1 3 . 86 1 3 . 92 1 
3 . 46 10 3 . 48 10 3 . 53 10 
3 . 156 0 . 2 
- - - -
2 . 921 0 . 2 - - - -
2 . 604 1 2 . 604 1 2 . 627 1 
2 . 322 0 . 2 2 . 328 0 .5 2 . 373 0 . 5 
2 . 254 1 2 . 254 1 2 . 275 1 
2 . 080 1. 5 2 . 083 1 2 . 110 1 
1. 932 0 . 2 
- - - -
1. 880 6 1 . 882 6 1 . 914 6 
L738 0 .5 1 . 734 1 1.760 0 . 5 
1 . 694 0 . 3 1. 703 0 . 5 1 . 728 0 . 25 
L 6'73 0 . 2 
- - - -
1. 628 5 1. 627 4 1 . 644 5 
1 . 540 0 . 3 
- - - -
1 . 528 0 .5 - - - -
1..50 5 1 1.501 1 1.515 1 
1..475 0 . 15 
- - - -
1.448 4 1 . 443 4 1.460 3 . 5 
1.417 5 1 . 413 5 1 . 443 5 
1 . 380 0 . 2 - - - -
1. 348 0 . 2 
- - - -
1.319 3 1.315 3 1.334 2 
1.291 2.5 1 . 300 3 1.311 3 
1 . 260 0 . 25 - - - -
1.2.40 2 . 5 1 . 242 2 1 . 261 2 
1.217 4 1.219 5 1.232 4 1 .206 2. 5 1 . 203 3 1 . 229 
1.. 182. 0 . 25 - - - -
1.167 0 . 20 - - - -
1.156 0 . 15 - - - -
1.136 3 1.136 2 - -
1.126 1.5 1.125 2 - -
L 06 2 0 . 5 1. 062 1 - -
1. 05'7 2 1 . 05 '7 3 - -
1. 033 0 . 3 1. 032 0 . 25 
- -
1 . 015 1 1 . 014 2.5 
- -
1. 007 0 . 5 1 . 007 0 . 5 -
*The values are in kX units . 
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